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FLASH TUBE CHAMBERS 
FOR-
ELECTRON AND PHOTON DETECTION 
by 
P.J.Doe, B . S c , M.Sc. 
A t h e s i s submitted to the U n i v e r s i t y o f Durham 
f o r the Degree o f Doctor of Philosophy 
Being an account of the work c a r r i e d out a t the 
U n i v e r s i t y of Durham during the p e r i o d October 1975 
to October 1977 
"He had heen eight years upon a project for extracting 
sunbeams out of cucumbersj which were to be put into vials 
hermetically sealed^ and let out to warm the air in raw 
inclement summers. He told me he did not doubt in eight 
years more^ that he should be able to supply the Governor's 
gardens with sunshine at a reasonable rate ; but he 
complained that his stock was loWj and entreated me to give 
him something as an encouragement to ingenuity^ especially 
since this had been a very dear season for cucumbers" 
Gullivers Travels^ Voyage to Laputa. 
Jonathan Swift. (7726) 
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ABSTRACT 
The c o n s t r u c t i o n and o p e r a t i o n o f a simple, inexpensive, 
electron-photon d e t e c t o r , o f the sampled shower type, i s d e s c r i b e d ; • 
the sampling p l a n e s c o n s i s t i n g o f l a y e r s o f high p r e s s u r e , methane 
doped, neon f l a s h tubes, w i t h CAMAC compatible d i g i t i s e d outputs. 
The d e t e c t o r was t e s t e d i n a p o s i t r o n beam a t e n e r g i e s from 0,5 to 
4,0 GeV, No adverse e f f e c t s due to the high backgroxind r a d i a t i o n 
were experienced, and an energy r e s o l u t i o n o f 43% and s p a t i a l and 
angular r e s o l u t i o n s o f 5 mm and 4° (FWHM) were obtained. The maximum 
event r a t e a t which the d e t e c t o r c o u l d operate was l i m i t e d to '\ ' l s e c ^ , 
by the presence o f i n t e r n a l f i e l d s which r e s u l t e d i n spuriousness o r 
i n e f f i c i e n c y . The use of modified H.T, p u l s i n g systems has a l s o been 
i n v e s t i g a t e d a s a means o f reducing the i n t e r n a l f i e l d , 
A modified d e t e c t o r was c o n s t r u c t e d , u t i l i s i n g l a r g e diameter, 
low p r e s s u r e f l a s h t i i b e s , i n an attempt to improve the maximum event 
r a t e , y e t ma i n t a i n the same u s e f u l r e s o l u t i o n . An energy r e s o l u t i o n o f 
o 
33% and s p a t i a l and angular r e s o l u t i o n s o f 11 mm and 2 (FWHM) were 
obtained, which compares fav o u r a b l y w i t h more complex and expensive 
d e t e c t o r s . Unexpectedly, a t event r a t e s i n exc e s s o f a few per second, 
the tubes behaved e i t h e r s p u r i o u s l y o r i n e f f i c i e n t l y , due to l a r g e i n t e r n a l 
f i e l d s . 
I n v e s t i g a t i o n s i n t o the mechanisms o f formation and decay o f the 
i n t e r n a l f i e l d s have been made by o b s e r v a t i o n o f the d i g i t i s a t i o n output 
p u l s e . T h i s novel approach may, w i t h refinement, be of use i n f u t u r e 
s t u d i e s o f gas d i s c h a r g e s s i n c e i t i s p a r t i c u l a r l y s e n s i t i v e to the gas 
breakdown mechanism. The s i g n i f i c a n c e o f the outer s u r f a c e r e s i s t a n c e o f 
the f l a s h tube has a l s o beer demonstrated to be o f importance t o the perform-
ance o f the tube. A mechanism, which r e s u l t s i n the f l a s h tube i g n i t i n g 
s p u r i o u s l y , i s suggested and a t h r e s h o l d v a l u e of the i n t e r n a l f i e l d , a t 
which s p u r i o u s n e s s o c c u r s , has been determined. 
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CH/vPTER ONE 
INTRODUCTION 
The f l a s h t u b e was introduced by C o n v e r s i and G o z z i n i 
i n 1955, and i n i t s s i m p l e s t form c o n s i s t s of a s e a l e d g l a s s tube, 
c o n t a i n i n g a noble gas such as neon/ p l a c e d between plane p a r a l l e l : 
e l e c t r o d e s . T h i s simple c o n f i g u r a t i o n i s shown i n F i g u r e l a . The 
passage o f an i o n i z i n g p a r t i c l e through the tube i s determined by 
means of a u x i l i a r y d e t e c t o r s , which provide a t r i g g e r f o r a l a r g e 
i m p u l s i v e e l e c t r i c f i e l d to be a p p l i e d a c r o s s the gas volume. The 
primary i o n i z a t i o n , l e f t i n the wake of the p a r t i c l e , avalanches under 
the i n f l u e n c e of t h e e l e c t r i c f i e l d producing a d i s c h a r g e of '^opious 
secondary e l e c t r o n s and photons • which f i l l s the whole t \ ± > e . The 
o c c u r r e n c e of a d i s c h a r g e i s evidence t h e r e f o r e of an i o n i z i n g p a r t i c l e 
h a v i n g t r a v e r s e d the tiabe, and may be recorded o p t i c a l l y , or by means 
o f a s i m p l e e l e c t r i c a l probe. 
A single- f l a s h tube i s r a t h e r l i m i t e d i n i t s a p p l i c a t i o n s , 
however l a r g e s e n s i t i v e volumes may be c o n s t r u c t e d by i n s e r t i o n of 
f u r t h e r tubes between the e l e c t r o d e s , and by s t a c k i n g a d d i t i o n a l l a y e r s , 
as i n d i c a t e d i n F i g u r e l b . I n t h i s manner complex d e t e c t i o n geometries 
may be achieved q u i t e simply. The fundamental geometry i s not r e s t r i c t e d 
to plane s u r f a c e s , c y l i n d r i c a l c o n f i g u r a t i o n s have been c o n s t r u c t e d w i t h 
comparable ease. 
The emergence of the f l a s h ti± i e was c l o s e l y followed by the 
(2) 
p a r a l l e l p l a t e spark chamber , which may be considered as a development 
of t h e o r i g i n a l f l a s h tube concept. Despite i t s numerous advantages, 
the f l a s h tube has not seen such u n i v e r s a l acceptance as the spark chamber. 
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and i s v i r t u a l l y unused o u t s i d e the sphere of high energy cosmic 
ra y p h y s i c s . The reasons f o r t h i s r e s t r i c t e d use of f l a s h tubes 
becomes obvious i f one compares the p r o p e r t i e s of the two d e t e c t o r s , 
i n the l i g h t of the g e n e r a l requirements of t y p i c a l cosmic ray and' 
a c c e l e r a t o r based experiments. 
The spark chamber has a number of advantages over the f l a s h 
tube a r r a y ; i t o f f e r s a s u p e r i o r s p a t i a l r e s o l u t i o n , the s e n s i t i v e 
time i s simply a d j u s t e d , and the recovery time i s s h o r t , a l l o w i n g 
o p e r a t i o n a t high r a t e s i n a high background. The spark chamber 
c o n t a i n s v e r y l i t t l e i n s e n s i t i v e m a t e r i a l (such as g l a s s tiabes) and 
the r e s u l t a n t low s c a t t e r i n g p r o b a b i l i t y makes i t i d e a l l y s u i t e d to 
magnetic spectrometers. Conversely, the f l a s h t\±ie a t the time of i t s 
i n t r o d u c t i o n e x h i b i t e d long recovery and s e n s i t i v e times which prevented 
i t s use a t high t r i g g e r r a t e s o r i n high background. A l s o , because o f 
i t s r e l a t i v e l y poor s p a t i a l r e s o l u t i o n , d i c t a t e d by the tubs dieuneter, 
p l u s the l a r g e i n s e n s i t i v e mass o f g l a s s , i t d i d not l e n d i t s e l f to 
a c c u r a t e t r a c k l o c a t i o n . I t i s p r i n c i p a l l y f o r these reasons t h a t 
the a c c e l e r a t o r based p h y s i c i s t has i n the p a s t chosen the spark chamber 
i n p r e f e r e n c e to the f l a s h tube a r r a y . 
The requirements o f a t y p i c a l cosmic r a y experiment d i f f e r from 
t h a t o f the a c c e l e r a t o r experiment i n many important r e s p e c t s . Cosmic 
r a y experiments a r e u s u a l l y concerned with p a r t i c l e s o f an energy 
unobtainable by a c c e l e r a t o r s , however the f l u x of t±ese p a r t i c l e s i s v e r y 
low and i n order t o o b t a i n a r e a l i s t i c event r a t e d e t e c t o r s o f l a r g e 
s e n s i t i v e volume are r e q u i r e d . As p r e v i o u s l y mentioned, f l a s h tubes 
a r e i d e a l f o r t h i s purpose, a l s o they do not r e q u i r e continued replacement 
of gas, which f o r l a r g e volumes can be p r o h i b i t i v e l y expensive. The 
energy expended i n discha.nging a tube i s n e g l i g i b l e compared w i t h t h a t 
i n v o l v e d i n the formation of a spark, hence a l l o w i n g the use of r e l a t i v e l y 
simple power s u p p l i e s . Also, the r i s e time of the pulsed e l e c t r i c 
f i e l d can be made long compared w i t h t h a t r e q u i r e d ' by spark chambers, 
without adverse ...effects and t h e r e f o r e i s l e s s l i k e l y to p r e s e n t a 
source o f e l e c t r i c a l i n t e r f e r e n c e to n e a r l y equipment. The i n d i v i d u a l 
n a t u r e of the tubes allov;s s t a t i s t i c a l s t u d i e s to be made of the 
number o f p a r t i c l e s i n l a r g e showers, p a r t i c l e i d e n t i f i c a t i o n by way 
o f i t s i o n i z i n g a b i l i t y , and the e f f i c i e n t r e c o r d i n g of many p a r t i c l e . 
t r a c k s a t any i n c i d e n t angle. A number of ways of o u t p u t t i n g the 
i n f o r m a t i o n from a tube i s a v a i l a b l e , e i t h e r by f i b r e o p t i c s or 
(4) 
e l e c t r i c a l probes , n e i t h e r of which r e q u i r e s o p h i s t i c a t e d e l e c t r o n i c s , 
o r a l t e r n a t i v e l y the i n t e n s e l i g h t output i s i d e a l f o r normal photographic 
t e c h n i q u e s . The cosmic ray r e s e a r c h e r was quick to u t i l i z e t hese 
p o s s i b i l i t i e s , and the f l a s h tube has rendered e f f i c i e n t and r e l i a b l e 
s e r v i c e i n such f i e l d s as e x t e n s i v e a i r s h o w e r s q u a r k searches 
" (7) (8) n e u t r i n o s t u d i e s , and high energy (TeV) cosmic ray spectroscopy 
The p r e s e n t t r e n d of high energy a c c e l e r a t o r p h y s i c s i s such t h a t 
a need i s f r e q u e n t l y a r i s i n g f o r an i n e x p e n s i v e , l a r g e a r e a d e t e c t o r , 
capable of p r o v i d i n g 4 n coverage without the need of p a r t i c u l a r l y high 
s p a t i a l r e s o l u t i o n , f o r example, the t o t a l e n c l o s u r e of the i n t e r s e c t i o n 
o f c o l l i d i n g beams to r e c o r d t o t a l p a r t i c l e production upon s a t i s f a c t i o n 
o f some t r i g g e r requirement, or n e u t r i n o type experiments v/hich look f o r 
t h e p a r t i c u l a r s i g n a t u r e of a r a r e event, but do not r e q u i r e a high degree 
o f s p a t i a l r e s o l u t i o n . I t i s these and s i m i l a r demands,- whose s o l u t i o n 
by c o n v e n t i o n a l means would prove p r o h i b i t i v e l y expensive, t h a t has 
motivated a r e a p p r a i s a l of the f l a s h tube as a d e t e c t o r f o r a c c e l e r a t o r 
based experiments, and s t i m u l a t e d i n v e s t i g a t i o n i n t o the problems of long 
s e n s i t i v e and r e c o v e r y time, and h i g h event r a t e e f f e c t s , which have 
p r e v i o u s l y prevented the use of f l a s h tubes. 
The s e n s i t i v e time and recovery time of f l a s h tubes i s t y p i c a l l y 
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100 ys and 0.5s r e s p e c t i v e l y ; t h i s w i l l l i m i t the tube to event 
r a t e s o f approximately 1 event s e c ^ , i n backgrounds of l e s s than 10^ 
p a r t i c l e s per tube, per second. T h i s i s c l e a r l y of l i t t l e use to the 
m a j o r i t y o f a c c e l e r a t o r based experiments. However, the use of 
a l t e r n a t i n g c l e a r i n g f i e l d s and t h e a d d i t i o n o f a s m a l l p e r c e n t of 
e l e c t r o - n e g a t i v e gas to the NeHe, has reduced the s e n s i t i v e and recovery 
(9) 3 times t o 1 ys and 1 ms r e s p e c t i v e l y , a l l o w i n g event r a t e s o f up to 10 
s e c ^ i n backgrounds of up to 10^ p a r t i c l e s per tube, per second. At"^  
t h e s e high event r a t e s , i t i s expected t h a t the f i e l d r e s u l t i n g from 
charges d e p o s i t e d on the i n n e r w a l l o f the f l a s h tube w i l l r e s u l t i n a 
r e d u c t i o n o f the tube e f f i c i e n c y . However, the problems of these induced 
f i e l d s may be l a r g e l y overcome by the use of commercially a v a i l a b l e low 
r e s i s t a n c e g l a s s , o r by the replacement o f g l a s s by a p l a s t i c ( T h i s 
l a t t e r method u n f o r t u n a t e l y r e q u i r e s a cons t a n t gas flow to overcome 
o u t g a s s i n g , and i s apparently s t i l l i n a.development s t a g e ) . 
I n the l i g h t o f the above mentioned improvement, the f l a s h tube 
now r e p r e s e n t s an a t t r a c t i v e p o s s i b i l i t y f o r the a c c e l e r a t o r based 
experimenter r e q u i r i n g a l a r g e . a r e a d e t e c t o r . To demonstrate t h i s , and 
a l s o to i n v e s t i g a t e the use of f l a s h ti±>es i n one p a r t i c u l a r sphere, t h a t 
o f electron-photon d e t e c t i o n , a d e t e c t o r o f the sampled shower type was 
b u i l t . The d e c i s i o n to b u i l d an electron-photon d e t e c t o r was made, s i n c e 
t h e r e appeared to be an i n c r e a s i n g requirement f o r l a r g e a r e a electromagnetic! 
shower d e t e c t o r s , o f f e r i n g some degree o f both s p a t i a l and energy r e s o l u t i o n 
P r e v i o u s d e t e c t o r s such as l e a d g l a s s Cerenkov or l e a d - s c i n t i l l a t o r 
sandwich, only a c h i e v e both forms of r e s o l u t i o n a t the c o s t o f g r e a t 
complexity and expense. I t appeared t h a t a t o t a l absorption d e t e c t o r , 
w i t h sampling p l a n e s o f f l a s h tubes, c o u l d provide'an i n e x p e n s i v e s o l u t i o n 
to the problem. 
The r e s u l t s from t h i s shower d e t e c t o r were p a r t i c u l a r l y • • 
encouraging •^^ ^^ , no e f f e c t s o f high background were detected, and 
data was taken a t r a t e s o f 50 events s e c w i t h no apparent d e t e r i o r a t i o n 
i n e f f i c i e n c y . I t was decided, t h e r e f o r e , t o c o n s t r u c t a more r e f i n e d 
d e t e c t o r to i n v e s t i g a t e f u r t h e r the p o t e n t i a l of the f l a s h tube i n t h i s 
p a r t i c u l a r a p p l i c a t i o n , and of i t s general use i n an a c c e l e r a t o r e n v i r o n -
ment. I t i s the r e s u l t s obtained o p e r a t i n g t h i s d e t e c t o r , and a subsequent 
f u r t h e r shov/er d e t e c t o r , designed s p e c i f i c a l l y to operate a t high event 
r a t e s w h i l s t m a i n t a i n i n g a u s e f u l degree of both s p a t i a l and energy 
r e s o l u t i o n , w i t h which t h i s t h e s i s i s concerned. 
- b -
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CHAPTER TWO 
THE ELECTRO-MAGNETIC SHOWER : ELECTRON-PHOTON 
DETECTION 
2.1 INTRODUCTION 
E l e c t r o n s and photons are d e t e c t e d by r e c o r d i n g the e f f e c t s of 
t h e i r i n t e r a c t i o n w i t h mattero There a r e a number o f p r o c e s s e s by which 
t h i s i n t e r a c t i o n may take p l a c e , the dominant or most probable process 
depends p r i n c i p a l l y upon the energy of the primary e l e c t r o n or photon. 
F o r high primary e n e r g i e s , the d i s s i p a t i o n of t h i s energy may i n v o l v e 
many o r a l l of t h e s e p r o c e s s e s r e s u l t i n g i n the production of the e l e c t r o -
magnetic shower. The d e s i g n and performance of a d e t e c t o r w i l l depend 
upon the many parameters o f t h i s shower and the u l t i m a t e r e s o l u t i o n o f an 
" i d e a l i s e d " d e t e c t o r i s s e t by t h i s t a t i s t i c a l f l u c t u a t i o n s of these 
p r o c e s s e s . 
For the reasons given above, before embarking upon the s u b j e c t of 
t h i s t h e s i s , a b r i e f account of the p r i n c i p a l electron-photon i n t e r a c t i o n s 
w i t h matter w i l l be g i v e n , followed by a s h o r t d e s c r i p t i o n o f the most 
common forms of electron-photon d e t e c t o r s i n c u r r e n t u s e . 
2.2 INTERACTION PROCESSES 
A l a r g e number of p h y s i c a l p r o c e s s e s a r e i n v o l v e d i n the develop-
ment and decay of an e l e c t r o m a g n e t i c shower The p r o b a b i l i t y o f a 
p a r t i c l e undergoing a p a r t i c u l a r p r o c e s s depends v e r y much upon i t s energy. 
T h i s i s i l f u s t r a t e d f o r tturee major p r o c e s s e s by F i g u r e 2.1 and i s 
summarised below : 
(1) BREMSSTRAH/.aA/(5r, whereby a charged p a r t i c l e i s a c c e l e r a t e d by 
t h e n u c l e a r e l e c t r o m a g n e t i c o r e l e c t r o n f i e l d and produces copious low 
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energy photons as i t p a s s e s through a dense absorber. 
(2 ) PAIR PRODUCTION., f o r an energy o f g r e a t e r than 1 . 0 2 MeV 
(the r e s t mass, o f two e l e c t r o n s ) a photon may materialic-a i n a n u c l e a r 
e l e c t r o m a g n e t i c or e l e c t r o n f i e l d i n the form of an e l e c t r o n - p o s i t r o n 
p a i r . 
I t i s the two above mentioned r a d i a t i v e p r o c e s s e s which a r e 
p r i m a r i l y r e s p o n s i b l e f o r the r a p i d i n c r e a s e i n the nvmiber of s e c o n d a r i e s , 
ranging from ve r y low e n e r g i e s to almost t h a t o f the primary. •-
F o r t h e s e secondary e l e c t r o n s p o s i t r o n s and photons of p r o g r e s s i v e l y 
lower energy, f u r t h e r i n t e r a c t i o n p r o c e s s e s , l o o s e l y c a t e g o r i s e d as c o l l i s d o n 
p r o c e s s e s , become a v a i l a b l e . I t i s by these p r o c e s s e s t h a t the shower 
i s absorbed r e s u l t i n g i n the c h a r a c t e r i s t i c a b s o r p t i o n t a i l o f the e l e c t r o -
magnetic shower. The primary low energy pr o c e s s e s are : 
( 3 ) COMpTON EFFECT/ wherc±)y an i n t e r a c t i o n o c c u r s between an 
atomic e l e c t r o n (regarded as f r e e ) and a photon. The photon i s not 
absorbed but i s s c a t t e r e d , and proceeds w i t h reduced energy. 
(4) PHOTO-ELECTRIC EFFECT-, whereby a photon i n t e r a c t s w i t h an atom 
and i s t o t a l l y absorbed i n e x p e l l i n g an e l e c t r o n . 
(5) ELASTIC SCATTERING,(Rayleigh, Thompson and Nuclear Resonant)« 
Of t h e s e p r o c e s s e s , R a y l e i g h s c a t t e r i n g i s u s u a l l y the most important, 
by which the i n c i d e n t r a d i a t i o n i s s c a t t e r e d by the bound e l e c t r o n s , which 
do not r e c e i v e s u f f i c i e n t energy to be e j e c t e d from the atom. 
12 3) 
I t has been shown ' t h a t the r e s u l t a n t showers, whether 
i n i t i a t e d by a h i g h energy e l e c t r o n , p o s i t r o n or photon, d i f f e r o n l y 
s l i g h t l y and i t i s p r i m a r i l y by the mechanisms o u t l i n e d above t h a t the 
energy of the i n c i d e n t p a r t i c l e i s d i s s i p a t e d . 
Hence, h i g h energy elec t r o m a g n e t i c p a r t i c l e s l o s e most of t h e i r 
energy by r a d i a t i v e proces?,es i n the production of high energy secondary 
e l e c t r o n s , p o s i t r o n s and photons. Photons, i n t u r n , produce e^ ,e p a i r s , 
or are compton s c a t t e r e d , r e s u l t i n g i n e l e c t r o n s of s i m i l a r energy to t h a t 
- 9 -
of the i n i t i a l photon. These e l e c t r o n s produce f u r t h e r photons i n 
t u r n , i n i t i a t i n g more s e c o n d a r i e s , but of a p r o g r e s s i v e l y lower and 
lower energy} hence the i n i t i a l sharp r i s e i n the nvimber o f s e c o n d a r i e s . 
E v e n t u a l l y , however, the r a d i a t i v e l o s s e s (secondary p a r t i c l e production) 
cannot compete w i t h the c o l l i s i o n l o s s e s ( a b s o r p t i o n of low energy 
s e c o n d a r i e s ) , and the shower decays away r e s u l t i n g i n the long a t t e n u a t i o n 
t a i l ; t h e energy o f the primary p a r t i c l e b e i n g f i n a l l y d i s s i p a t e d i n the 
e x c i t a t i o n and i o n i s a t i o n o f the absorber atoms. 
To i l l u s t r a t e the p r o f i l e o f the electromagnetic shower, r e s u l t i n g 
from the above p r o c e s s e s , F i g u r e 2 . 2 shows the r e s u l t s o f the Monte C a r l o 
s i m u l a t i o n s o f Messel and Crawford^^-, The shower shape i s c h a r a c t e r i s e d 
by t h e p o s i t i o n o f the maxima, which i s seen to vary w i t h primary energy, 
cind the a t t e n u a t i o n c o e f f i c i e n t o f the shower t a i l which,for a p a r t i c u l a r 
absorber, i s i n v a r i a n t w i t h energy. An important property of e l e c t r o -
magnetic showers i s the l i n e a r r e l a t i o n s h i p between the primary' energy 
and the t o t a l number of s e c o n d a r i e s produced i n the shower. T h i s i s 
i l l u s t r a t e d i n F i g u r e 2 . 3 and i s u t i l i s e d by a l l shower d e t e c t o r s i n 
determining the primary energy. 
2 . 3 THEORETICAL AND EXPERIMENTAL SHOWER STUDIES 
Much e a r l y work has gone i n t o an a n a l y t i c a l s o l u t i o n to e l e c t r o -
magnetic shower development^'^'^'^^ . However, even a one dimensional study 
of shower development, u s i n g simple approximations to the p h y s i c a l p r o c e s s e s 
r e s u l t e d i n complex e x p r e s s i o n s extremely d i f f i c u l t to s o l v e . 
The development o f the modern computer has allowed the s i m u l a t i o n 
of t h e shower by the Monte C a r l o method, whereby the c r o s s s e c t i o n s o f . t h e 
v a r i o u s p h y s i c a l p r o c e s s e s i n v o l v e d i n the shower development are represented 
by p r o b a b i l i t y d i s t r i b u t i o n s . Random numbers are used to sample these 
d i s t r i b u t i o n s and hence s i m u l a t e the shower development. T h i s method, 
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f i r s t used by Wilson "^^ ^ i s now the standard approach to t h e o r e t i c a l • ..c 
^ (3,8,9,10,11,12) shower s t u d i e s , 
There have been many experimental s t u d i e s of e l e c t r o n and photon 
induced showers, almost a l l u t i l i s i n g the sampling technique, by which 
l a y e r s o f absorber a r e i n t e r s p a c e d with planes of sampling d e t e c t o r s . 
The major d i f f e r e n c e s i n these experiments a r i s e s from the type o f 
d e t e c t o r used i n sampling the shower, i d e a l l y i t should have a good 
m u l t i t r a c k e f f i c i e n c y and s p a t i a l r e s o l u t i o n f o r p a r t i c l e s i n c i d e n t a t " 
a wide range o f a n g l e s . 
Sobers^^^^ has s t u d i e d shower development i n l e a d u s i n g sampling 
d e t e c t o r s o f s c i n t i l l a t o r and spark chambers, and has made a comparison 
of the two methods. L i k e w i s e Agrinier^''"'^^ , Cronin^^^^ and Bauer^'^^^ have 
a l s o u t i l i z e d spark chambers as the sampling elements. Heuch^^"^^ used 
l u c i t e Cerenkov d e t e c t o r s as the sampling elements, w h i l s t studying shower 
development i n l e a d . I d e a l l y , the presence o f the sampling d e t e c t o r s 
should have l i t t l e o r no e f f e c t on the development o f the shower. I n r n 
(18) 
attempt to achieve t h i s , Jakeways p l a c e d v a r i o u s t h i c k n e s s e s o f l e a d 
absorber, i n f r o n t o f a s m a l l s c i n t i l l a t o r probe which was used to map the 
r e s u l t i n g shower c h a r a c t e r i s t i c s . A s i m i l a r technique was used by 
(19) 
C r a n n e l who i n s e r t e d a s m a l l C s I ( T l ) d e t e c t o r i n t o a h o l e i n an 
o t h e r w i s e s o l i d b l o ck o f absorber. 
I n a n t i c i p a t i o n of the high e n e r g i e s o b t a i n a b l e from the f u t u r e 
g e n e r a t i o n of a c c e l e r a t o r s , Muller^^^^ s t u d i e d e l e c t r o n shower p r o f i l e s a t 
15 GeV u s i n g a l e a d - s c i n t i l l a t o r c o n f i g u r a t i o n , and e x t r a p o l a t e d h i s 
(21) 
r e s u l t s to 1000 GeV. Lederman used a MWPC pla c e d between a l e a d 
absorber and a l e a d g l a s s Cerenkov to study e l e c t r o n shower development 
w i t h a view to u s i n g the c h a r a c t e r i s t i c signatxire of the electromagnetic 
show^^r as p a r t o f a hadron t r i g g e r . 
- 11 -
2 . 4 ELECTRON, PHOTON DETECTION 
There e x i s t many types o f d e t e c t o r s u i t a b l e f o r e l e c t r o n and 
photon d e t e c t i o n , the c h o i c e of d e t e c t o r i s p r i n c i p a l l y determined by 
the energy of the i n c i d e n t r a d i a t i o n and by the type o f information 
( s p a t i a l or energy) which the d e t e c t o r i s r e q u i r e d to g i v e . D e t e c t i o n 
below about 1 MeV i s provided by means o f semiconductor S i or Ge . . 
( 2 2 2 3 24) (22 25) d e t e c t o r s ' , gas p r o p o r t i o n a l d e v i c e s ' and s c i n t i l l a t i o n 
( 2 2 ) 
d e t e c t o r s , However, the upper l i m i t s to the energy d e t e c t a b l e by 
th e s e d e v i c e s i s d i c t a t e d by the problem o f c o n f i n i n g the primary r a d i a t i o n 
and the r e s u l t a n t s e c o n d a r i e s w i t h i n the a c t i v e volume of the d e t e c t o r s . 
Above a few MeV use i s made of the f a c t t h a t the number of secondaries 
produced i n the r e s u l t a n t shower i s p r o p o r t i o n a l to the primary energy. 
D e t e c t o r s i n t h i s energy range a re made to be s e n s i t i v e to the number 
and d i s t r i b u t i o n of the shower s e c o n d a r i e s , from which est i m a t e s can be 
made of the energy and t r a j e c t o r y of the i n c i d e n t r a d i a t i o n . These 
d e t e c t o r s f a l l i n t o two c a t e g o r i e s ; the homogeneous type, i n which the 
d e t e c t i n g medium i s a l s o the absorber, and the sampling type c o n s i s t i n g 
of absorber i n t e r s p a c e d w i t h d e t e c t i n g p l a n e s . A b r i e f d e s c r i p t i o n of 
the d e t e c t o r s f a l l i n g w i t h i n t h e s e two c a t e g o r i e s w i l l be given s i n c e i t 
i s w i t h these t h a t the f l a s h tube based d e t e c t o r must be compared. 
2 . 4.1 Homogeneous T o t a l Absorption Detectors 
(1) LEAD GLASS CERENKQV^^6 ,27 ,28 ,29 )^ ^^^^ ^^^^^ ^^^^^ 
e l e c t r o m a g n e t i c shower d e t e c t o r , s i n c e i t has a high Z (nucleus proton 
number), e n s u r i n g the r a p i d development of the shower, and the transparency 
of the g l a s s a l l o w s almost complete c o l l e c t i o n of the Cerenkov l i g h t 
e m i t t ed by the r e l a t i v i s t i c charged p a r t i c l e s o f the el e c t r o m a g n e t i c 
shower. I n i t s s i m p l e s t form the d e t e c t o r c o n s i s t s of a l e a d g l a s s 
b l o c k , s u f f i c i e n t to c o n t a i n the shower, to which a p h o t o m u l t i p l i e r tube 
i s o p t i c a l l y coupled to r e c o r d the Cerenkov l i g h t . Large a r r a y s are 
- 12 -
u s u a l l y r e q u i r e d to o b t a i n s u f f i c i e n t a c t i v e a r e a and t o t a l shower 
containment. An example i s given i n F i g u r e 2.4. The modular 
c o n s t r u c t i o n o f such a r r a y s a l l o w s a degree of s p a t i a l r e s o l u t i o n , 
+ (29) v a l u e s of — 11 mm have been r e p o r t e d , however t h i s i s . only achieved 
a t g r e a t l y i n c r e a s e d c o s t and complexity. An important property, i s 
the a b i l i t y to d i s t i n g u i s h between electrons/photons and hadrons, a l l o w -
4 
i n g i t s use i n t r i g g e r systems. . An o n - l i n e hadron r e j e c t i o n of 1 i n 10 
has been r e p o r t e d . . 
(2) N a l ( T l ) CRYSTALS. The most widely used i n o r g a n i c 
(22) 
s c i n t i l l a t o r s a r e t h e t h a l l i u m a c t i v a t e d Nal and C s l c r y s t a l s . A . 
complete assembly c o n s i s t s o f a s c i n t i l l a t i o n c r y s t a l to which i s coupled 
a p h o t o m u l t i p l i e r tube. U n t i l the work of Hofstadber e t ai(30,31,32) 
d e t e c t o r was l i m i t e d to e n e r g i e s of l e s s than about 100 MeV; however the 
production of l a r g e s i n g l e N a l ( T l ) c r y s t a l s has r e s u l t e d i n the containment 
of e l e c t r o n and photon induced showers of up to 15 GeV, w i t h an energy 
r e s o l u t i o n v a r y i n g as 1.0 E . As w i t h l e a d g l a s s the t r i g g e r f u n c t i o n s 
a r e good, however the production of l a r g e s e n s i t i v e a reas and e x t r a c t i o n 
o f s p a t i a l i n f o r m a t i o n proves c o s t l y . 
2.4.2 Sampled Shower T o t a l Absorption Detectors 
The g e n e r a l form of the sampled shower d e t e c t o r i s shown i n 
F i g u r e 2.4. Assuming the shower to be t o t a l l y absorbed i n the d e t e c t o r 
and the sampling elements a r e s e n s i t i v e to a l l the shower s e c o n d a r i e s 
p a s s i n g through o r stopping i n them, then a ^ / v ^ response w i t h energy 
i s expected. I f t h i s i s the c a s e , then the p r i n c i p a l l i m i t a t i o n to the 
r e s o l u t i o n comes from sampling f l u c t u a t i o n s due to the s t a t i s t i c a l nature 
of the showering p r o c e s s , which i s always p r e s e n t when the i o n i s a t i o n i s 
not measured throughout the t o t a l volvmie of the absorber. However i n 
p r a c t i c e , i t i s u s u a l l y t h s response of the sampling elements which i s 
the p r i n c i p a l l i m i t i n g f a c t o r . 
FIGURE 2.2; SOME ELECTRON/PHOTON DETECTORS 
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. (1) iCINTlLLATOR SAMPLING P L A N E S ^ ^ ' ^ ^ ' ^ ' ^ ^ I n t h i s 
form the sampling p l a n e s m n s i s t o f sheets of s c i n t i l l a t o r i n t e r s p a c e d 
w i t h s h e e t s of absorber, the l i g h t from each s c i n t i l l a t o r i s recorded 
by a p h o t o m u l t i p l i e r tube, the outputs from which a re l i n e a r l y combined 
to g i v e a s i g n a l which i s p r o p o r t i o n a l to the number o f shower s e c o n d a r i e s . 
S p a t i a l r e s o l u t i o n s o f - i 2 mm have been obtained by r e p l a c i n g the s i n g l e 
s h e e t o f s c i n t i l l a t o r i n each sampling pl a n e , by a hodoscope of many 
s c i n t i l l a t o r f i n g e r s 
(2) LUCITE CERENKOV SAMPLING PLANES^"^^'^^ . T h i s d e t e c t o r has 
a s i m i l a r c o n f i g u r a t i o n to the pre v i o u s one, except t h a t the d e t e c t i n g 
elements c o n s i s t of l u c i t e s h e e t s i n which the r e l a t i v i s t i c charged 
p a r t i c l e s formed i n the showering pr o c e s s produce Cerenkov l i g h t , which 
i s recorded by a p h o t o m u l t i p l i e r tube, as be f o r e . 
(3) WIRE CHAIffiER SMIPLING;.PLANES . These d e t e c t o r s c o n s i s t 
p r i n c i p a l l y o f two ty p e s , those u s i n g spark chambers^^'^'^^'"^^'^'^^ and 
(41) 
those u s i n g MWPC sampling elements. I n both c a s e s the number o f 
t r a c k s i n each sampling element i s recorded and summed to give a measure 
of the t o t a l number of secondaries i n the shower, and hence the primary 
energy. S i n c e t h e r e i s a v a i l a b l e a c o n s i d e r a b l e amount o f s p a t i a l 
i n f o r m a t i o n concerning the shower s t r u c t u r e , an estimate o f the shower 
a x i s and hence the t r a j e c t o r y o f the primary can be made. 
(4) CHARGE SAI'ffLING IN LIQUID ARGON^ '^ '^'*-^ ''*'^ ''^ '^'*^ ^ . T h i s i s 
a r e l a t i v e l y new form of d e t e c t o r which c o n s i s t s of sheets of high Z 
absorber immersed i n l i q u i d argon. The a l t e r n a t i v e sheets of absorber 
a r e h e l d a t ground and a t a high p o t e n t i a l such t h a t an e l e c t r i c f i e l d 
e x i s t s a c r o s s the l i q u i d argon. l o n i s a t i o n produced by the shower 
s e c o n d a r i e s i n the argon d r i f t towards the absorber. Recording the 
q u a n t i t y o f charge.by means of charge s e n s i t i v e a m p l i f i e r s g i v e s a measure 
o f the' t o t a l number o f se c o n d a r i e s and t h e r e f o r e the energy of the primary-
- 14 
A s p a t i a l r e s o l u t i o n o f — 3mm has been obtained by c o l l e c t i n g the charge 
on i n d i v i d u a l s t r i p s on the absorber. 
(47) 
Table 2.1 l i s t s some of the more important p r o p e r t i e s of the 
above mentioned d e t e c t o r s . From t h i s t a b l e i t can be seen t h a t few 
d e t e c t o r s o f f e r both a reasonable energy and s p a t i a l r e s o l u t i o n , and of 
those t h a t do i t i s a t the expense o f g r e a t c o s t , complexity and o p e r a t i n g 
d i f f i c u l t i e s . I t i s p r i n c i p a l l y these problems which motivated the 
c o n s t r u c t i o n o f an e l e c t r o n photon d e t e c t o r w i t h sampling by means of f l a s h 
t u bes, d e s c r i b e d i n the f o l l o w i n g c h a p t e r s 3 and 4. 
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CHAPTER THREE 
AN ELECTRON-PHOTON DETECTOR EMPLOYING HIGH PRESSURE 
FLASH TUBES 
3.1 INTRODUCTION 
The d e t e c t o r to be d e s c r i b e d i n t h i s chapter was designed and 
b u i l t as a consequence of experience gained o p e r a t i n g a prototype 
(1 2) 
d e t e c t o r i n a p o s i t r o n beam ' . The o b j e c t o f t h i s prototype 
d e t e c t o r was to e v a l u a t e the performance of f l a s h tubes, w i t h s h o r t 
s e n s i t i v e and recovery times, i n an a c c e l e r a t o r environment, and to 
i n v e s t i g a t e the p o t e n t i a l of a f l a s h tube assembly as an electromagnetic 
shower d e t e c t o r . The r e s u l t s of these i n v e s t i g a t i o n s were encouraging, 
no a d v e r s e e f f e c t s due t o ' t h e high background r a d i a t i o n were encountered, 
s p a t i a l and energy r e s o l u t i o n s of + 1- cm and .48% r e s p e c t i v e l y , were 
obt a i n e d , a l s o no d e t e r i o r a t i o n i n the r e s o l u t i o n a t event r a t e s of 50 sec 
was n o t i c e a b l e . 
The d e s i g n o f the d e t e c t o r c o u l d c l e a r l y be improved i n many 
r e s p e c t s , the s e n s i t i v e volume being i n s u f f i c i e n t to ensure t o t a l shower 
containment a t high e n e r g i e s , and the use of l a r g e diameter f l a s h tubes 
r e s u l t e d i n poor m u l t i t r a c k e f f i c i e n c y . I n order to e v a l u a t e the t r u e 
p o t e n t i a l of t h i s type of d e t e c t o r , an improved d e v i c e , w i t h i n c r e a s e d 
s e n s i t i v e volume, u t i l i s i n g s m a l l diameter, high p r e s s u r e f l a s h tx±ies, was 
c o n s t r u c t e d . The design and o p e r a t i o n of the d e t e c t o r i s d e s c r i b e d below. 
3.2 CHARACTERISTICS OF HIGH PRESSURE FLASH TUBES 
E x t e n s i v e s t u d i e s of the c h a r a c t e r i s t i c s of the f l a s h tubes 
used i n t h i s d e t e c t o r have been made by other workers ^^'-^'^^ These 
c h a r a c t e r i s t i c s have c o n s i d e r a b l e i n f l u e n c e on the design of the d e t e c t o r , 
and t h e r e f o r e a b r i e f summary w i l l be g i v e n h e re. 
•1 
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The f l a s h tubes were c o n s t r u c t e d of low r e s i s t a n c e JENA 16B 
g l a s s to reduce the e f f e c t o f induced e l e c t r i c f i e l d s . Each tube 
was coated w i t h a white enamel p a i n t to prevent photons from one d i s -
c h a r g i n g tube p e n e t r a t i n g i n t o the gaseous volume of a d j a c e n t tubes, 
thereby c a u s i n g s p u r i o u s i g n i t i o n s . The p r i n c i p a l f e a t u r e s of the 
tubes are g i v e n i n Table 3.1. 
TABLE 3.1 P r i n c i p a l F e a t u r e s of the F l a s h Tubes 
Tube 
Length 
(cm) 
Diameter G l a s s 
Type 
P r e s s u r e 
(ATM) 
Gas 
Composi-
t i o n 
(%) 
Recovery 
Time 
(ms) 
S e n s i t i v e 
Time 
(ys) 
I n t e r n a l 
(mm) 
E x t e r n a l 
(mm) 
50 ^ 8 8.2-8.8 JENA 
16B 
2.2 7Q Ne, 
30; He 
+2 CH^ 4 
0.6 2.0 
.The parameters of the high v o l t a g e p u l s e used to f i r e the f l a s h 
tubes a r e given i n Table 3.2. I t has been found t h a t the performance 
o f the high p r e s s u r e f l a s h tubes i s more s e n s i t i v e to v a r i a t i o n s of these 
parameters, than are the low p r e s s u r e tubes^'^'^^I 
TABLE 3.2 : Parameters of the High Voltage P u l s e 
Peak E l e c t r i c 
F i e l d S t r e n g t h 
(kV Cm"''') 
R i s e 
Time.Tr 
(ns) 
P u l s e Width, T 
(RC Decay Time) 
{MS) 
P u l s e Delay,Tj^ 
. (ns) 
9.5 - 10.0 50 - 70 3 - 5 
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The e f f e c t of v a r i a t i o n of these parameters has some bear i n g 
upon the d e s i g n t o l e r a n c e s of the f l a s h tube assemblies (e.g. e l e c t r o d e 
s e p a r a t i o n - a p p l i e d f i e l d ) , and a r e given below. 
3.2.1 F a c t o r s I n f l u e n c i n g E f f i c i e n c y 
(a) P u l s e Magnitude : F i g u r e 3.1(a) shows the v a r i a t i o n of the 
l a y e r e f f i c i e n c y as a f u n c t i o n of the a p p l i e d f i e l d f o r a number of r i s e • 
times For T r '= 70 ns, the p l a t e a u r e g i o n o c c u r s a t approximately 
9.5 kV Cm the l a y e r e f f i c i e n c y of 88% a t t h i s f i e l d v a l u e , r e p r e s e n t i n g 
an i n t e r n a l e f f i c i e n c y of almost 100%. For a p p l i e d f i e l d s i n excess of 
10.0 kV Cm ^, s p u r i o u s f l a s h i n g o c c u r s , and i s seen to i n c r e a s e with 
i n c r e a s i n g f i e l d . T h e r e f o r e , e f f i c i e n t o p e r a t i o n r e q u i r e s f i e l d s o f 
between 9.5 and 10.0 kV Cm ^ . . .. 
(b) P u l s e R i s e Time : The dependence of l a y e r e f f i c i e n c y upon r i s e 
time i s c l e a r l y seen from F i g u r e 3.1(b) f o r two v a l u e s of a p p l i e d f i e l d ^ ^ ^ . 
(c) P u l s e Length : The v a r i a t i o n of l a y e r e f f i c i e n c y w i t h p u l s e 
width (RC decay constant) i s shown i n F i g u r e 3.2^"^^. I t can be seen t h a t 
f o r e f f i c i e n t o p e r a t i o n , p u l s e l e n g t h s i n excess of 3 ps are r e q u i r e d . 
However t h i s d a t a was taken a t a r e l a t i v e l y slow r a t e (1 event min ^ ) , which 
a l l o w s the induced e l e c t r i c f i e l d , caused by charges adhering to the tube 
w a l l s , to decay away. At event r a t e s h i g h e r than t h i s , the e f f e c t of the 
induced fieldbecomes apparent. S i n c e a long p u l s e w i l l sweep more charge 
to the tv±ie w a l l s , i t i s d e s i r a b l e to maintain the p u l s e length as s h o r t 
as p o s s i b l e , i f i t i s wished to operate a t h i g h event r a t e s . For t h i s 
reason the p u l s e l e n g t h was r e s t r i c t e d to between 3 and 5 y s . 
3.2.2 F a c t o r s I n f l u e n c i n g the D i g i t i s a t i o n P u l s e 
Information as to whether a tube has discharged or not i s obtained 
by means of a s m a l l probe i n c o n t a c t w i t h the f a c e of the f l a s h tube, as 
shown i n F i g u r e 3.3^"^^, I f the tube does not f l a s h , then any p u l s e 
appearing a c r o s s the r e s i s t o r R i s due to e l e c t r i c a l pickup, and may be 
e l i m i n a t e d by i n s e r t i n g the d i g i t i s a t i o n probe i n s i d e a s c r e e n i n g aluminium 
FIGURE 3.Ua) EFFICIENCY AS A FUNCTION OF PEAK APPLIED 
FIELD FOR SEVERAL RISE TIME VALUES 
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FIGURE 3.1(b) EFFICIENCY AS A FUNCTION OF RISE TIME 
FOR TWO APPLIED HT FIELDS 
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b l o c k . I f the t\ibe f l a s h e s a v o l t a g e p u l s e appears a c r o s s the r e s i s t a n c e 
R due to a c a p a c i t i v e coupling between the probe and the HT e l e c t r o d e v i a 
the plasma i n the tube, an e q u i v a l e n t c i r c u i t f o r the mechanism i s shown 
i n F i g u r e 3.4^"^^. I t i s r e q u i r e d t h a t the p u l s e from the probe i s of 
s u f f i c i e n t magnitude to s e t an I C l a t c h ( t h r e s h o l d approximately 4 v) 
which formed p a r t of the readout memory (see s e c t i o n 3.3). . The f o l l o w i n g 
f a c t o r s a r e found to s i g n i f i c a n t l y e f f e c t the d i g i t i s a t i o n p u l s e h e i g h t . 
(a) Dependence of P u l s e Height on Peak Applied F i e l d : 
F i g u r e 3.5(a) shows the v a r i a t i o n of d i g i t i s a t i o n p u l s e h e i g h t w i t h 
peak a p p l i e d f i e l d f o r two d i g i t i s a t i o n probe diameters. The two s l o p e s 
a r e due to the two d i f f e r e n t e f f e c t i v e c a p a c i t a n c e s of the probe arrange-
ments. The s l o p e of the l a r g e r diameter probe being g r e a t e r due to the 
l a r g e r c a p a c i t i v e c o u p l i n g of the probe. 
(b) Dependence of Pulse Height on HT P u l s e Length : The v a r i a t i o n 
o f d i g i t i s a t i o n p u l s e h e i g h t witJ-i the l e n g t h o f the a p p l i e d HT p u l s e i s 
shown i n F i g u r e 3.5(b) . According to the theory of o p e r a t i o n of the 
d i g i t i s a t i o n p r o b e , the d i g i t i s a t i o n p u l s e h e i g h t w i l l depend upon the 
magnitude of the a p p l i e d HT p u l s e a t the time of formation of the plasma 
i n s i d e the txibe. The d i g i t i s a t i o n p u l s e h e i g h t i s seen to i n c r e a s e r a p i d l y 
w i t h the length of the a p p l i e d HT p u l s e . However, i t should be borne i n 
mind t h a t the r e s u l t s were obtained a t a low event r a t e . An i n c r e a s e i n 
event r a t e w i l l r e s u l t i n a lower e f f e c t i v e a p p l i e d f i e l d and hence a 
s m a l l e r d i g i t i s a t i o n p u l s e h e i g h t . 
(c) V a r i a t i o n of Pulse.Height w i t h Probe R e s i s t a n c e R: 
F i g u r e 3.6(a) "^^ ^ shows the dependence of the d i g i t i s a t i o n p u l s e h e i g h t 
w i t h probe r e s i s t a n c e . T h i s behaviour can be understood by r e f e r e n c e 
to the e q u i v a l e n t c i r c u i t s shown i n F i g u r e 3.4. the e q u i v a l e n t 
c a p a c i t a n c e of the probe - HT e l e c t r o d e arrangement a t the time of formation 
of the plasma. C r e p r e s e n t s the s t r a y c a p a c i t a n c e o f the a s s o c i a t e d 
s 
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c i r c u i t r y . The d i g i t i s a t i o n p u l s e h e i g h t i s seen to i n c r e a s e w i t h 
R u n t i l the impedance of C makes any f u r t h e r i n c r e a s e i n R i n e f f e c t i v e . 
(d) Dependence of Pulse Height w i t h Separation Between the F l a s h 
Tube and the HT E l e c t r o d e : T h i s dependence i s shown, f o r two prob§ s i z e s , 
i n F i g u r e 3 .6(b) I t can be seen t h a t a s e p a r a t i o n as s m a l l as 0 . 1 mm. 
has a c o n s i d e r a b l e e f f e c t . As y e t no s a t i s f a c t o r y e x p l a n a t i o n has been 
found, however the approximate ^/^2 (where d i s the d i s t a n c e between the HT 
d 
e l e c t r o d e and the f l a s h tvibe w a l l ) dependence of the p u l s e h e i g h t may g i v e 
some i n d i c a t i o n o f the p h y s i c a l p r o c e s s i n v o l v e d . 
(e) Dependence of P u l s e Height upon F l a s h i n g Rate : The v a r i a t i o n 
(4) 
of d i g i t i s a t i o n p u l s e height w i t h f l a s h i n g r a t e i s shown i n F i g u r e 3 . 7(a) 
a d e c r e a s e i n p u l s e h e i g h t of a f a c t o r of 4 o c c u r r i n g when the f l a s h i n g 
r a t e i s i n c r e a s e d from 0.5 to 1.0 events s e c T h i s decrease i s caused 
by the induced e l e c t r i c f i e l d , r e s u l t i n g from charges from the p r e v i o u s 
d i s c h a r g e , adhering to the i n n e r w a l l of the tube. The d i r e c t i o n of 
t h i s f i e l d i s such t h a t i t opposes the a p p l i e d HT f i e l d , r e s u l t i n g i n a 
lower e f f e c t i v e HT f i e l d I t can be seen from F i g u r e 3 .7(b) t h a t 
the d i g i t i s a t i o n p u l s e height from a tube f l a s h i n g a t a c o n s t a n t high r a t e 
may be i n c r e a s e d by i n c r e a s i n g the a p p l i e d HT f i e l d . However, t h i s does 
not o f f e r a simple s o l u t i o n f o r an a r r a y of f l a s h tubes where the f l a s h i n g 
r a t e i s expected to v a r y a c r o s s the a r r a y . T h i s would r e s u l t i n an 
e x c e s s i v e l y high a p p l i e d HT f i e l d f o r those tubes which f l a s h a t a lower . 
r a t e , r e s u l t i n g i n spurious i g n i t i o n s . 
3.2 .3 Recovery and S e n s i t i v e Times 
The r e c o v e r y and s e n s i t i v e times of a f l a s h tube are of p a r t i c u l a r 
importance i f i t i s r e q u i r e d t h a t the tube operates s u c c e s s f u l l y i n a 
high background r a d i a t i o n and a t high event r a t e s , such as may be 
e x p e r i e n c e d with a machine based experiment. The s e n s i t i v e and recovery 
times of neon-helium f i l l e d tubes, doped with methane, have been e x t e n s i v e l y 
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( 1 2 ) 
s t u d i e d by other workers ' . T h e i r r e s u l t s f o r the high p r e s s u r e 
tubes used i n the p r e s e n t d e t e c t o r are summarised below. 
(a) S e n s i t i v e Time : The s e n s i t i v e time i s d e f i n e d as the delay 
r e q u i r e d between the passage of the p a r t i c l e and the a p p l i c a t i o n of the 
HT p u l s e f o r the i n t e r n a l e f f i c i e n c y to f a l l to 50%, t h i s r e p r e s e n t s a 
v a l u e of approximately 45% i n terms of the l a y e r e f f i c i e n c y f o r the tubes 
used i n the p r e s e n t d e t e c t o r . A s h o r t s e n s i t i v e time i s obtained by 
a p p l y i n g a square wave c l e a r i n g f i e l d of frequency 100 Hz, peak to peak 
v o l t a g e of approximately 100 v. T h i s ensures t h a t the primary i o n i s a -
t i o n l e f t by a charged p a r t i c l e i s r a p i d l y swept from the gas volume. 
F i g u r e 3.8(a) shows the r e l a t i o n s h i p between l a y e r e f f i c i e n c y and delay i n 
a p p l i c a t i o n of the HT p u l s e , f o r the tubes used i n the p r e s e n t detector;, 
i t can be seen t h a t the s e n s i t i v e time i s approximately 2.0 y s . 
(b) Recovery Time : The recovery time i s defined as t h a t time delay, 
a f t e r a tube has f l a s h e d , f o r the p r o b a b i l i t y of r e - i g n i t i o n on a p p l i c a t i o n 
of a second p u l s e , to f a l l to 50%. Short recovery times have been 
ob t a i n e d by the a d d i t i o n of s m a l l q u a n t i t i e s of molecular gas, eg. 
02,00^, CH^,^^'^*^^ to the neon-helium. The recovery time f o r t h e tubes 
used i n the p r e s e n t d e t e c t o r can be seen from F i g u r e 3.8(b) to be 0.6 ms. 
3.3 CONSTRUCTION OF DETECTOR 
A g e n e r a l d e s c r i p t i o n of the d e t e c t o r i s given, followed by more 
d e t a i l e d accounts of the p r i n c i p a l f e a t u r e s o f the d e t e c t o r . 
The d e t e c t o r i s of the sampled shower type and i s shown s c h e m a t i c a l l y ! 
i n F i g u r e 3.9 and by the photograph i n F i g u r e 3.10. Twelve i d e n t i c a l 
d e t e c t o r p l a n e s were used, 0.6, .1.2 and 1.8 r a d i a t i o n l e n g t h s h e e t s of 
l e a d may be i n s e r t e d between each plane. E l e v e n of these d e t e c t o r planes 
were used i n sampling the e l e c t r o m a g n e t i c shower, the t w e l f t h p o s i t i o n e d 
a t the f r o n t of the d e t e c t o r was used to determine the p o i n t of entry, of 
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the primary p o s i t r o n , i n t o the d e t e c t o r , hence no l e a d absorber was 
p l a c e d i n f r o n t of t h i s d e t e c t o r plane. Each d e t e c t o r plane contained 
two l a y e r s o f 32 f l a s h tubes, p o s i t i o n e d o r t h o g o n a l l y such t h a t they 
would provide X-Y c o - o r d i n a t e s of the i n c i d e n t r a d i a t i o n . Information 
v/as e x t r a c t e d from the tubes by means of d i g i t i s a t i o n probes, the output 
p u l s e from a probe being recorded by a TTL memory l o g i c , which i n t u r n 
was i n t e r r o g a t e d by the main data handling system. The f l a s h tiibes were 
f i r e d by applying a simple RC generated p u l s e to the HT e l e c t r o d e . To 
p r e v e n t e l e c t r i c a l i n t e r f e r e n c e from t h i s p u l s i n g system, the s t e e l frame-
work which supported the f l a s h tube assembly and p u l s i n g system, was c l a d 
i n aluminium sheet.• 
3 . 3 . 1 Shower Sampling Module 
The d e t e c t o r contained twelve i d e n t i c a l d e t e c t o r p l a n e s , eleven 
of v/hich were used to sample the shower. Each of these modules contained 
two p a r a l l e l p l a nes of 32 tubes, the axes of which were p o s i t i o n e d 
o r t h o g o n a l l y . The two planes of f l a s h tubes shared a common HT e l e c t r o d e , 
which was a c c u r a t e l y p o s i t i o n e d by means of perspex s p a c e r s . S i n c e the 
r e g i o n of the HT p l a t e a u where the tubes could be e f f i c i e n t l y operated v;as 
o n l y 1 Kv Cm wide, a v a r i a t i o n o f 1 mm i n the p o s i t i o n i n g o f the HT 
e l e c t r o d e r e s u l t s i n a change of approximately 1 kV Cm i n the f i e l d 
s t r e n g t h . I t i s , t h e r e f o r e , e s s e n t i a l t h a t the HT e l e c t r o d e be maintained 
i n p r e c i s e alignment w i t h the e a r t h e l e c t r o d e s . These e a r t h e l e c t r o d e s 
were formed by the two o u t e r f a c e s of the module. T h e i r s e p a r a t i o n was 
maintained by the s i d e members and the d i g i t i s a t i o n block as shown i n 
F i g u r e 3 . 3 . 
I t i s e s s e n t i a l t h a t the p o s i t i o n s o f the f l a s h tubes be known 
a c c u r a t e l y , and t h a t they be p o s i t i o n e d as c l o s e l y as p o s s i b l e , r e s u l t i n g 
i n a high l a y e r e f f i c i e n c y . T h i s was achieved by means of a c c u r a t e l y 
machined h o l e s i n the d i g i t i s a t i o n block, and by . corresponding h o l e s 
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i n the opposing s i d e member, as shown i n F i g u r e 3 .3 . The diameter 
of the h o l e s V7as 9.3 mm and the d i s t a n c e between t h e i r c e n t r e s 9.5 mm, 
r e s u l t i n g i n a l a y e r e f f i c i e n c y o f approximately 88% over an area o f 
30.4 cm x 30.4 cm. 
The d i g i t i s a t i o n probes, which were 6 BA pan head b r a s s screws, 
were l o c a t e d i n the d i g i t i s a t i o n block by means of perspex s p a c e r s . 
To i n c r e a s e the d i g i t i s a t i o n probe pickup and hence the d i g i t i s a t i o n p u l s e 
h e i g h t , 7 mm diameter a l u m i n i u m ' f o i l d i s c s were glued to the plane ends 
of the f l a s h tubes. 
The data a c q u i s i t i o n system r e q u i r e d t h a t the information provided 
by t h e d i g i t i s a t i o n probes should be t e m p o r a r i l y s t o r e d , p r i o r to being 
r e a d by a computer. T h i s was achieved by p r o v i d i n g each d i g i t i s a t i o n 
probe w i t h a TTL s e t - r e s e t l a i t c h . T h i s l a t c h , normally i n a s t a t e 
r e p r e s e n t i n g l o g i c a l ' 1 ' , i s s e t to l o g i c a l 'O' by the d i g i t i s a t i o n p u l s e 
o b t a i n e d from the d i s c h a r g i n g tube. I n t h i s manner the information regardin] 
whether a tube f l a s h e d or not i s permanently recorded by the s t a t e o f i t s 
a s s o c i a t e d l a t c h . When t h i s i nformation i s no longer r e q u i r e d , the l a t c h 
may be r e t u r n e d to l o g i c a l ' 1 ' by means of a r e s e t p u l s e . The memory 
l o g i c f o r one f l a s h tv±ie i s shown i n F i g u r e 3 . 1 1 . 
The memory l o g i c c i r c u i t s a r e mounted upon p r i n t e d c i r c u i t boards, 
each one c o n t a i n i n g two s e x t u p l e s e t - r e s e t l a t c h e s (type 74118) and one 
dual four input p o s i t i v e NAND b u f f e r (type 7440), to give a 12 b i t storage 
r e g i s t e r . F i g u r e 3.12 shows the c i r c u i t diagram of one such 12 b i t r e g i s t e r 
A t o t a l of 72, 12 b i t storage r e g i s t e r s a r e r e q u i r e d to s e r v i c e the 768 f l a s h 
tubes contained i n the d e t e c t o r . These boards were mounted i n 32-way edge 
connectors, f i x e d to the undersides of the d i g i t i s a t i o n b l o c k s . 
As e x p l a i n e d i n s e c t i o n 3 . 2 . 2 . , i t i s e s s e n t i a l t h a t the HT e l e c t r o d e | 
was maintained i n c o n t a c t w i t h the f l a s h tube w a l l . T h i s i s a c o n s i d e r a b l e 
problem s i n c e the o u t s i d e diameter o f the tube may vary by up to +_ 0.4 mm. 
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Contact was maintained by means of a s t r i p of folded aluminium f o i l , 
attached to both faces of the HT electrode, which expanded against 
the f l a s h tubes. 
The assembled modules were located i n the main detector frame, 
such that the tube axes were orientated to 45° to the v e r t i c a l , thus 
the weight of each tube assured a constant contact between the plane 
face of the f l a s h tube and i t s d i g i t i s a t i o n probe. Each d i g i t i s a t i o n 
. block was provided with a machined aluminium ledge, which, when the 
modules were inserted i n the detector frame, provided a support for the 
inserted lead absorber. 
The choice of a modular system allowed the removal of a complete 
sampling plane plus i t s associated electronics without the need of d i s -
mantling the entire detector. 
3.4 THE HIGH VOLTAGE PULSING AND CLEARING FIELD SYSTEM 
The HT pulse used to f i r e the f l a s h tubes i s of a simple RC 
decay type. This i s obtained by charging a high voltage capacitor,C^, 
to a voltage V , and then by means of a f a s t switching device, discharging o 
i t to ground v i a a r e s i s t o r R^. The f l a s h tube arrays, of capacitance 
C^ are connected i n p a r a l l e l with R^, and the resulting pulse, applied to 
the HT electrode decays exponentially i n the manner 
V = -V exp (-t/R(C, + C„) ) o 1 z 
The pulsing c i r c u i t i s shown i n Figure 3.13. Six 3000 pf, 20 Kv 
capacitors were used, each capacitor supplying two modules v i a a 850 Q 
r e s i s t o r . Fast switching of the capacitor to ground was provided by 
means of a hydrogen thyratron (English e l e c t r i c type CX.1157) capable 
of switching up to 20 Kv into modules of at l e a s t 10,000 pf with a r i s e 
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time of 40 . Due to the high e l e c t r i c a l noise l e v e l s associated v/ith 
t h i s type of switching sy!5tem, the whole assembly was placed i n a screening 
box on top of the detector, as seen i n Figure 3.10. The c h a r a c t e r i s t i c s 
of the HT pulse formed i n t h i s manner are given i n Table 2. 
In order to obtain a short sensitive time, a 100 Hz, square wave 
pulse, of variable magnitude was applied i n the manner shown in Figure 3.13. 
3.5 DATA ACQUISITION 
As explained i n section 2.2, the resultant high energy electro-
magnetic showers, whether i n i t i a t e d by an electron, positron or gamma 
ray, are e s s e n t i a l l y i d e n t i c a l , assuming the primary energy to be the 
same. For t h i s reason i t was convenient to evaluate the detectors 
performance by use of a positron beam. 
3.5.1 The Positron Beamline 
The detector was evaluated using the e"*^  testbeam f a c i l i t y of the 
5.2 GeV Electron Synchrotron at the Daresbury Laboratory '^^""^^ . The main 
elements of the beamline are shown i n Figure 3.14. The beamline operates 
on the double conversion p r i n c i p l e . Photons are produced by interaction 
of the accelerated electron beam with an internal machine target of tungsten] 
These photons are scri±ibed of charged p a r t i c l e s by means of a permanent 
magnet and collimator s l i t . The resultant photon beam i s then converted 
into electron-positron pairs by interaction with a copper target. Positrons 
of the desired momentum are then selected by means of a variable bending 
magnet and a collimator. 
By t h i s means a beam of energy from 200 MeV up to the maximum 
operating energy of the machine was obtainable. The momentum spread was 
approximately +1% and the beam s i z e on emerging into the experimental area 
o 
i s 20 ram x 40 mm. The maximum angular divergence of the beam i s +^  2 . 
The t e s t beam may be operated i n two modes, p a r a s i t i c a l l y or by 
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means of a beam bump. The p a r a s i t i c mode r e l i e d on the interaction of 
electrons, scattered from the main c i r c u l a t i n g beam by other targeting 
stations i n the synchrotron, with the tungsten target. The beam bump 
mode u t i l i s e s a pulsed magnet,to perturb the c i r c u l a t i n g beam into the 
machine target. The detector was tested using the l a t t e r extraction 
system. Two lengths of beam bump were available, 0.6 and 1.0 ms. The 
l a t t e r being necessary to extract beam at the highest momentum values. 
A beam was accelerated i n the synchrotron every 19 ms ; which resulted i n 
a maximum extraction frequency of approximately 50 sec However, since 
the action of the beam bump usually disturbed the beam conditions of other 
users, extraction was r e s t r i c t e d to every 60th acceleration cycle whilst 
using the 1 ms bxmip. For higher rates .the short h\mp was used, however 
i t was not possible to extract electrons above 2.0 GeV using t h i s bump, 
hence a l l high rate data was r e s t r i c t e d to positrons of momenta 1.5 GeV 
and l e s s . 
The maximxim positron flux of the testbeam depended p r i n c i p a l l y 
upon the operational conditions of the accelerator and the momentum of 
the positrons required. Extraction was "tuned" for a part i c u l a r 
momentum by adjusting the position of the beam bump with respect to the 
s t a r t of the acceleration cycle which was located by a timing pulse received 
at a minimum f i e l d of the NINA magnets. The flux was controlled by adjust-
ing the magnitude of the beam bump and the position of the machine target 
with respect to the beam orbit. By t h i s means the flux was maintained 
at approximately 50 positrons per extraction, located v/ithin a 1 ms "window" 
centred i n time about the maxima of the beam bimp. 
•The resultant positrons were bunched, which reflected the nature 
of the accelerated electron beam from v/hich they were obtained. I t i s 
e s s e n t i a l that p a r t i c l e s within these bunches are not separated by l e s s 
than 2 ys (the s e n s i t i v e time of the detector) since t h i s would r e s u l t 
i n multiple tracks occurring i n the detector. 
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The maximum rate at which the detector can be operated i n 
theory i s determined by the recovery time of 0.6 ms. This should 
allow event rates of up to 1 KHz. The normal extraction modes 
mentioned above allow a maximxim frequency of 50 Hz, extracting on 
consecutive cycles, or a minimum frequency of 500 Hz, extracting within 
a 2 ms beam s p i l l . This leaves the range of 50 Hz to 500 Hz unobtainable. 
Should i t be required to operate the detector within t h i s frequency rcinge, 
i t was proposed to use both the p a r a s i t i c and the bump modes of extraction. 
The f i r s t p a r t i c l e being extracted v i a the bump mode, and at the same time 
a delayed gate i s triggered allowing a second p a r a s i t i c a l l y produced 
p a r t i c l e to be accepted by the system. By adjusting the gate delay, 
frequencies between 50 and 500 Hz may be obtained. 
3.5.2 Trigger Logic and Data Handling 
A positron produced i n the manner described above was selected by 
means of a fourfold coincidence of the s c i n t i l l a t i o n s S, -»• S^ shown i n 
1 4 
Figure 3.i5. I t was also required that t h i s coincidence should f a l l 
within a 1.0 ms wide "window", timed with respect to the s t a r t of the 
acceleration cycle, to cover the period of beam extraction. This would 
ensure that a l l coincidences resulted from genuine extracted p a r t i c l e s . 
Upon receiving a s a t i s f a c t o r y coincidence, a trigger was sent to 
the HT pulsing system, and the logic paralysed against receiving further 
coincidences. Information as to whether a tube flashed or not •.;as 
temporarily stored within the TTL memory lo g i c . After a delay of 10 ms, 
which allowed the effects of the H.T. pulse to pass, the state of the 
768 latches was read out i n p a r a l l e l by way of 6 132-way cables, into 
3 256 b i t CAMAC input r e g i s t e r s , and hence into the 8K memory of a PDP 11 
computer, which controlled the data acquisition program. Having been 
read, the latches were reset by a + 5V l e v e l from a CAKAC ou'-put l e v e l 
unit. The system was then i n a state where i t could receive another 
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event, and the p a r a l y s i s was removed from the trigger l o g i c . Upon 
a second event being buffered within the . PDP 11, the buffer was 
cleared by writing i t s contents to disc i n the main IBM 370, and 
subsequently to tape. This completed one cycle of the data acquisition 
program which i s summarised i n Figure 3.16. 
The decision to send pai r s instead of individual events down the 
data l i n k , was determined by the possible need to operate the detector 
at rates of 1 KHz. The data l i n k buffer of the IBM 370 was unable to 
handle the 48 16 b i t words a r r i v i n g every 1 ms. This was overcome by 
sending 2 events i n one block, every 20 ms (the cycle time of the 
accelerator) , to the l i n k buffer. This then means that the data taking 
rata i s only r e s t r i c t e d by the speed of the CAMAC system and the cycle 
time of the PDP 11 computer program. For t h i s reason the acquisition 
program was written i n assembler language, giving a program cycle time of 
l e s s than 1 ms. 
The f a c i l i t y also existed to display individual events, during 
operation of the detector, on the v i s t a control terminal. Some examples 
of t y p i c a l events obtained i n t h i s manner are given i n Figure 3.17. 
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CHAPTER FOUR 
INVESTIGATION OF THE PERFORMANCE OF THE HIGH PRESSURE 
FLASH TUBE CHAMBER AS AN ELECTROMAGNETIC SHOWER DETECTOR 
4.1 INTRODUCTION 
As explained i n chapter 2, high energy electron-photon detection 
u t i l i s e s the resultant electromagnetic shower to obtain information 
concerning the primairy p a r t i c l e . Two important properties of the 
electromagnetic shower, which may be used to provide energy and s p a t i a l 
. ^ ^. (1,2,3) 
information are : 
(1) The number of secondaries produced i n the shower i s l i n e a r l y 
related to the primary energy. 
(2) The axis of the electromagnetic shower i s on average located 
along the t r a j e c t o r y of the primary p a r t i c l e . 
The developing electromagnetic shower i s subject to fluctuations, 
and since the shower i s only sampled at fixed i n t e r v a l s , the effect of 
these fluctuations i s l i k e l y to be enhanced. Furthermore the sampling 
elements may not exhibit a uniform response with energy, to the changing 
c h a r a c t e r i s t i c s of the shower at the sampling plane ( i . e . changing density 
of secondaryparticles) <, For theoS reasons, a l l detectors operating on 
the shower sampling p r i n c i p l e must be calibrated i n a well defined mono-
energetic beam. 
Ideally,.the sampling elements should record precisely the number 
and d i s t r i b u t i o n of the secondary p a r t i c l e s crossing the sampling plane, 
i n which case the errors of measurement of the shower, are due s o l e l y to 
the s t a t i s t i c a l fluctuations i r the shower development, and the frequency 
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at which i t i s sampled. By comparison of the shower parameters 
obta:ined from the sampling elements, with those predicted by theory, 
for various energies, i t can be determined i f the sampling elements 
respond uniformly with the changing shower c h a r a c t e r i s t i c s , 
A comparison w i l l therefore be made between the t h e o r e t i c a l l y 
predicted shower and that observed i n the detector, before presenting the 
resiiLts of the s p a t i a l and energy resolution of the detector. 
4.2 ELECTROMAGNETIC SHOWER PARAMETERS AS RECORDED BY THE DETECTOR 
Positron i n i t i a t e d electromagnetic showers were studied using, 
the detector,in the energy range 0.5 to 4.0 GeV, data being taken at 
0.5 GeV i n t e r v a l s , 0.6, 1.2 and 1.8 radiation lengths of lead target 
were available for ins e r t i o n between the sampling planes. Approximately 
2000 positron i n i t i a t e d showers were recorded for each combination of 
energy and target thickness, the sampling planes providing information as 
to the number and di s t r i b u t i o n of the shower secondaries. I t was found 
that for a given energy the information provided by the sampling planes 
using the different thickness of lead target, differed only s l i g h t l y , and 
hence the data obtained at a p a r t i c u l a r energy for the three thickness 
of target, were combined to give the number and distribution of the shower 
secondaries as a function of target depth. 
Some principal: features which characterise the electromagnetic 
shower are i t s o v e r a l l shape, or t r a n s i t i o n curve, the position of the 
shower maxima and the attenuation c o e f f i c i e n t of the shovjer t a i l . A 
comparison of these parameters as obtained from the detector,- with the 
prediction of theory, w i l l provide information as to how the detector 
responds to the changing c h a r a c t e r i s t i c s of the electromagnet:-r; shower 
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for various energies. 
(1) TRAI^SITION: CURVE : This curve describes the number of shower 
secondaries as a function of target depth. The t r a n s i t i o n curve obtained 
from the detector i s shown i n Figure 4 . . l . The f u l l l i n e represents the 
Monte Carlo simulations of Messel and Crawford using an electron cut 
of f value of 2.0 MeV. The broken l i n e represents the experimental r e s u l t s 
obtained from the detector by taking the mean number of flashed tiibes i n a 
p a r t i c u l a r layer, which, gives a measure of the number of ionising p a r t i c l e s 
crossing, that l a y e r . I t can be seen that the discrepancy between theory 
and experimental becomes considerable with increasing primary energy. This 
i s a d i r e c t r e s u l t of the f l a s h tubes i n a b i l i t y to distinguish between one 
or more than one p a r t i c l e traversing i t s volume, resulting i n an increasing 
error i n the estimation of the number of shower secondaries as the shower 
density increases. 
Correction can be made to the data, accounting for the f i n i t e space 
resolution of the f l a s h tiibe and i t s layer efficiency,using the following 
rela t i o n s h i p ^ ^ ^ ^ , assuming a uniform dis t r i b u t i o n of secondaries incident 
on the layer of tubes 
M/ 
In (1-^M ) 
K = in (1- M/„ , 
o 
where K = number o f shower secondaries crossing the detector plane. 
]i = layer e f f i c i e n c y . 
M = nimb6r of tubes contained within the shower section, o 
M = mean number of tubes igniting i n the layer. 
The derivation of t h i s expression i s given i n Appendix I . The 
data corrected using t h i s expression i s given by the dotted curve i n 
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Figxire 4„lo I t can be seen that at low energies the correction 
i s a close approximation to the theoretical t r a n s i t i o n curve, 
p a r t i c u l a r l y beyond the shower maxima. The discrepancy around the 
shower maxima, which increases with primary energy i s due to the 
assvimption of a uniform d i s t r i b u t i o n of shower secondaries no longer 
being v a l i d . 
The manner i n which the primary energy i s measured, requires 
that the shower i s t o t a l l y contained within the detector. I t can be 
seen from Figure 4.1, that using 1,8 radiation lengths of target between 
each module (representing a t o t a l thickness of 19,8 radiation lengths), 
that the shower i s almost t o t a l l y contained. However, using 0,6 and 1,2 
radiation lengths of target (6.6 and 13,2 radiation lengths t o t a l thickness 
respectively) i t can be seen that a considerable portion of the shower i s 
l o s t from the rear of the detector. 
The deviations from theory mentioned above w i l l be seen to be of 
considerable importance regarding the performance of the detector, 
e s p e c i a l l y with respect to the energy measurement. 
(2) POSITION OF SHOWER MAXIMA : Theory predicts that the position of 
the shower maxima (defined as the depth of absorber at which the probability 
of finding an electron i s greatest), should be l i n e a r l y related to the 
logarithm of the primary energy. The r e s u l t s obtained from the detector 
are shown i n Figure 4o2, along with the theoretical^''"''^'^'^'^^ and 
experimental^r'^'^^'^^^ r e s u l t s of previous workers. I t can be seen that 
the r e s u l t s are i n good agreement with the experiment of Jakeways and . 
Calder^^^ (see section 2,3) and the theory of Nagel^^^, However, 
disagreement between experiment and theory increases with increasing energy, 
(3) ATTENUATION COEFFICIENT : I t i s the photon attenuation which i s 
responsible for the c h a r a c t e r i s t i c t a i l of the electromagnetic shower. 
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since most p a r t i c l e production r e s u l t s from p a i r production occuring 
by photon interaction.. Photons of low energy are unlikely bo contribute 
to further p a r t i c l e production and are absorbed from the shower, resulting 
i n the attenuation of the number of secondaries with target depth beyond 
. the shower maximum. This attenuation i s described by the relationship 
Ae where t i s target depth, A i s a constant and X i s the fractional 
rate of decrease of the t a i l of the t r a n s i t i o n curve. The variation of 
(12) 
the photon attenuation c o e f f i c i e n t i s shown i n Figure 4.3 (a) , giving 
a minimum value of 0.27 R.L. at 4 MeV. This i s expected to be lower 
i f the e f f e c t of the compton r e c o i l photons are considered. Figure 4.3(b) 
shows the attenuation c o e f f i c i e n t as a function of energy, obtained from 
the detector. The average value of 0.24 R.L-. ^ agrees well with the 
above mentioned work, although there i s considerable disagreement with the 
r e s u l t s of Messel and Crawford^^ , who obtained a value of 0.33. 
From the considerations above, i t appears that the most s i g n i f i c a n t 
problem i s ; due to the i n a b i l i t y of the f l a s h tube to distinguish between one 
or more p a r t i c l e s traversing i t s sensitive volume, and that t h i s w i l l be 
most apparent i n the energy measurement of the detector. 
4.3 MEASUREMENT OF PRIMARY PARTICLE ENERGY 
(1 2) 
Theoretical considerations ' show that the number of secondary 
ioni s i n g p a r t i c l e s produced i n a shower i s l i n e a r l y related to the primary 
energy. Since the number of f l a s h tubes igniting gives a measure of the 
t o t a l niomber of secondary p a r t i c l e s contained i n the shower, t h i s figure 
may be used to find the energy of the primary p a r t i c l e . 
Data was taken at energies of 0.5 to 3.5 GeV, using 0.6, 1.2 and 
1.8 radiation lengths of lead target between the modules. Approximately 
2000 positron induced showers were recorded for each combination of target 
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thickness and primary energy. The frequency d i s t r i b u t i o n of the number 
of tube ignitions obtained for various primary energies and target 
thickness i s shown i n Figure 4.4. Curves showing the number of f l a s h 
tube ignitions as a function of primary energy are shown in Figure 4.5. 
I t can be seen, p a r t i c u l a r l y for high primary energy and thin target, 
that the curves deviate considerably from the l i n e a r relationship expected 
(1 2) 
from theory ' . The principah causes of t h i s deviation are l i s t e d below.. 
(1) F a i l u r e to contain the v/hole shower within the detector. Figure 4.6 
shows the number of f l a s h tube ignitions for each module for 3 primary 
energies using 0.6 and 1.8 radiation lengths of lead target. . I t can be 
seen that the shower i s almost completely contained for a l l energies using 
1.8 radiation lengths of lead. However, using 0.6 radiation lengths, a 
considerable fra c t i o n of the t o t a l shower escapes from the rear of the 
detector. The l a t e r a l losses are, however, i n s i g n i f i c a n t compared to 
the longitudinal l o s s , as can be seen from Figure 4.7, which shows the 
l a t e r a l shower p r o f i l e s obtained from each sampling plane for 3.0 GeV 
primary energy and 0.6 radiation lengths of target. 
(2) I n a b i l i t y to distinguish between one or more ionising p a r t i c l e s 
passing through the s e n s i t i v e volume of a f l a s h tube. The secondary 
p a r t i c l e s constituting the shower are produced on average within a narrow 
core, whose axis represents the axis of the shower. As the primary energy 
increases, the shower density near the a x i s i s such that the probability 
of more than one p a r t i c l e passing through a tube i s greatly increased. 
This i s c l e a r l y shown by Figure 4.1, where the greatest deviation between 
theory and experiment occurs at the position of the shov;er maximiam. 
(3) E f f e c t of internal clearing f i e l d s upon the e f f i c i e n c y of the 
f l a s h tube ^"'•^'"""^' "'"^"""^' •'•^^ . Internal clearing f i e l d s become s i g n i f i c a n t 
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i f the f l a s h tubes are operated at high rate. The internal f i e l d of 
a f l a s h tube has been sho^ sm to influence the performance of an adjacent 
tube, and since the number of tube ignitions increases with energy, the 
ef f e c t i s energy dependent. 
The non-linearity seen i n Figure 4.5, due to f a i l u r e to contain 
the shower, may be corrected for by use of the data taken using 1.8 
radiation lengths of lead. The niniber of tubes igniting beyond target 
depths of 6.6 and 13.2 radiation lengths may be found by summing the 
number of expected tube ignitions at 0.6 and 1.2 radiation length i n t e r v a l s 
respectively, to obtain the number of tubes expected to have ignited had 
the shower been t o t a l l y contained. 
A correction factor for the decrease i n e f f i c i e n c y caused by 
in t e r n a l clearing f i e l d s has been found i n the following manner for each 
combination of target thiclcness and primary energy. The e f f i c i e n c i e s 
of the modules were recorded for single p a r t i c l e s and the r e s u l t s plotted 
as e f f i c i e n c y as a function of the nimber of ttibe ignitions per minute. 
Similar data was taken using showers, the number of ignitions i n a module 
per minute being recorded and the e f f i c i e n c y found from the plot of 
e f f i c i e n c y versus event rate. The correction factor i s then the r a t i o of 
the expected e f f i c i e n c y at low rate and the observed e f f i c i e n c y at high 
flashing rate. 
The mean t o t a l number of tube ignitions corrected for longitudinal 
l o s s e s and i n e f f i c i e n c y a t various energies for 0.6 and 1.2 radiation lengths 
of target are shown i n Figure 4.8. I t can be seen that the non-linearity 
i s considerably reduced, and the remaining deviation i s p r i n c i p a l l y due 
to more than one electron passing through an individual f l a s h tube. 
Table 4.1 shows the o v e r a l l s e n s i t i v i t y of the detector to the number of 
secondary p a r t i c l e s . This was obtained by comparing the niMiber of observed 
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p a r t i c l e s with the number predicted by theory, for an energy detection 
threshold of 2 MeV. I t can be seen that the s e n s i t i v i t y decreases as 
the t o t a l number of electrons produced increase. 
TABLE 4.1 : Individual Electron S e n s i t i v i t y at Different Energies 
Energy 
(GeV) 
Radiation 
Lengths 
Average Total 
Number of 
Electrons 
(Theory) 
Average Total 
Number of 
Observed Tube 
Ignitions 
(Uncorrected) 
Average Total 
Number of 
Tube Ignitions 
(Corrected for 
Efficiency,Loss) 
S e n s i t i v i t y 
% 
(Corrected) 
0.5 0.6 26.5 20.0 21.0 79 
1.5 0.6 68.0 36.5 39.5 58 
2.5 0.6 102.3 44.0 50.5 49 
3.5 0.6 143.3 48.2 57.0 40 
0.5 1.8 11.2 9.8 10.0 89 
1.5 1.8 32.0 20.0 20.5 64 
2.5 1.8 55.7 28.5 30.0 54 
3.5 1.8 81.9 34.7 36.8 45 
4.4 ENERGY RESOLUTION 
The energy resolution of the detector may be expressed as dE/E 
and was obtained from the following relationship. 
dE 
E 
N 
E 
dN 
N 
l/dN 
/ dE 
where : dN 
dE 
value of E 
i s the gradient of the curve i n Figure 4.5 for a pa r t i c u l a r 
dN i s the FWHM of the frequency distribution of tube ignitions 
(see Figure 4.4) 
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N i s the mean number of tube ignitions 
E i s the energy of the primary p a r t i c l e . 
The energy resolution obtained using 0.6, 1.2 and 1.8 radiation 
lengths of lead target i s shown i n Figure 4.9. Because the number of 
secondaries i n a shower i s l i n e a r l y related to the primary energy E, the 
resolution i s expected to improve as "^//"E". The experimental points 
obtained using 1.8 radiation lengths of lead are found to f i t the 
relat i o n s h i p 
R = ^ . 24.5 
where R i s the resolution (FWHM) expressed as a percentage, and E i s the 
primary energy i n GeV. For low primary energies the resolution i s 
considerably improved by using 0.6 and 1.2 radiation lengths. . However, 
as the primary energy i s increased, the e f f e c t s of the escaping shower and 
high secondary densities becomes apparent and the resolutions deviate from 
the expected ' /E improvement and' eventually cross the curve obtained 
using 1.8 radiation lengths of lead. 
4.5 DETERMINATION OF TRAJECTORY OF THE PRIMARY PARTICLE 
The secondary p a r t i c l e s constituting the electromagnetic shower 
are on average symmetrically distributed around the projection of the 
tr a j e c t o r y of the primary p a r t i c l e . Use can be made of t h i s to determine 
the position of the primary p a r t i c l e . The development of an electromagnetic 
shower i s subject to fluctuations i n density and distribution of the 
secondary p a r t i c l e s , which introduces a considerable uncertainty i n the 
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determination of the shower a x i s . For t h i s reason a s t a t i s t i c a l 
method^^*^' has been employed i n locating the shower a x i s , which takes 
into consideration the fluctuations i n the development of individual 
showers. 
4.5.1 Location of Shower Axis 
.Af l i n i t i a l estimate of the shower axis was made, i n which no 
account was taken of the fluctuations occuring i n the developing shower. 
This i n i t i a l estimate made use of the fact that the shower developed with 
approximately c i r c u l a r symmetry aroimd the shower axis. The "centre of 
gravity" of the l a t e r a l shower section i n each sampling plane was found 
by c a l c u l a t i n g the geometric mecin of the distribution of the flashed tubes, 
using the following expression 
32 
j = i 
where i s the co-ordinate of the shower centre i n the i ^ ' ^ module 
Y^ _. i s the co-ordinate of the j ignited tiibe i n the i ' module 
i s the t o t a l number of ignitions i n the i ^ ^ module. 
To these centroids, a straight l i n e representing the f i r s t estimate 
of the shower axis, i s f i t t e d using the l e a s t squares method. 
As explained i n section 3.3, the point of entry of the primary 
positron into the detector was located by means of a single flashed tube 
in each layer of the f i r s t module, and to avoid ambiguity only events 
s a t i s f y i n g t h i s c r i t e r i a were accepted for analysis. The deviation of 
the point of intersection of the calculated shower axis i n the 1st sheet of 
lead target, from the position defined by the ignited tubes i n the 1st 
module, i s referred to as the "apex deviation of the shower." I t must 
, - 41 - , 
be remembered that such a deviation c a r r i e s an inherent error of 
+ 4 mm (a tube r a d i u s ) . This d e f i n i t i o n of the apex deviation i s 
i l l u s t r a t e d i n Figure 4.10. 
As pointed out, t h i s i n i t i a l estimate of the shower axis makes 
no allowance for the fluctuations, caused by multiple coulomb scattering 
and absorption, which occur i n the developing shower. The effect of 
these fluctuations can be seen i n Figure 4.6, which shows the mean 
di s t r i b u t i o n of ignited tubes i n each module, obtained from 820 events. 
Although these sections, were obtained for s p e c i f i c energy and target 
configurations, they may be taken as t y p i c a l examples of sections through 
the developing shower. The i n i t i a l spike i s associated v/ith the primary 
positron, however, t h i s rapidly disappears as the distributions broaden 
due to scattering and absorption, as the shower develops i n the detector. 
Shower secondaries, located at the sides and rear of the shower are 
subject to greater fluctuations i n density and position, and therefore • 
l e s s r e l i a n c e , when cal c u l a t i n g the shower ax i s , can be placed on the 
data they provide, than on th a t provided by p a r t i c l e s found at the front 
and core of the shower. Allovrance was made for these fluctuations by 
weighting the flashed tubes according to t h e i r position i n the shower as 
defined by the i n i t i a l estimate of the shower axis. The flashed tubes 
are weighted i n the l a t e r a l and longitudinal direction in the following 
manner. 
LATERAL WEIGHTING: The distribution of .the flashed tiibes i n each 
sampling plane may be represented by a function of the Gaussian form^^*^' , 
and since the spread of the dis t r i b u t i o n gives a measure of the r e l i a b i l i t y 
of the data, i t may be used i n calculating the l a t e r a l weighting factors 
for the flashed tubes i n the mrdule. The weighting factor W^_. for the 
X 
Q < 
LU 
< ty 
o X 
cr 
LU m g X o < 
^ CO 
\ 
\ 
\ 
mmmmmmmsmmm 
A. 
0 
LU -J 
O 
z 
< 
(O 
X < 
on 
LU 
o 
X CO 
o 
> 
LU Q 
X LU £L < 
o 
LU 
01 
O •—• LL 
- 42 -
j * " ^ tiibe i n the i ^ ^ module i s given by 
where 
^ i j ^ ^ i j ^ " ® ^ ~^ ^ ^ i j ^ 
(Y. . - Y.) „ = _ i J LS2L± (3) 
^ i j K. 
and Y^ _. i s the distance of the j * " ^ tube i n the i ^ ^ module, from the 
base of the module. 
Y. i s the distance of the shower axis i n the i * ^ module from the 
base of the module. 
i s the quantity representing the spread of the shower i n the i ^ ' ^ , 
module. 
i s the f i t t i n g parameter for the i ^ ^ module. 
<f) i s the angle between the shower axis and ths plane of the module. 
The parameters l i s t e d above are i l l u s t r a t e d i n Figure 4.11. 
o 
Since the incident positrons were r e s t r i c t e d to = 0 +_ 2 , 
then (j) can be considered as small and equation (3) can be rewritten as, 
Y.. - Y, 
q = ^ (4) 
^ i j K. a. ^ > 
The width of the shower section in each module i s characterised by 
the standard deviation a^. The standard deviations obtained for 3 primary' 
energies and two target thickness are shown i n Figure 4.12. The gradual 
r' 
increase i n width due to multiple scattering and absorption can be seen, 
although the increase i n width with depth i s seen to be approximately the 
same for a l l 3 primary energies. A f i t t i n g factor, K^, was chosen such 
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that the Gaussian weighting function, W^_. in equation (2) was a close 
approximation to the observed p r o f i l e . The value of was fovmd to 
vary from module to module, and also depended upon the primary energy 
and target thickness. An average value, obtained from the values of 
under various combinations of energy and target, of 3.5, was used i n 
the f i n a l a n a l y s i s . I t was found that the estimation of the shower axis 
was not c r i t i c a l l y dependent on the value of K^, and therefore the error 
incurred by using an average value of K. was small. 
LONGITUDINAL WEIGHTING : A longitudinal weighting factor was 
required which took account of the increasing fluctuations of the shower 
with target depth. Two weighting factors were t r i e d , ^'^L^, where L^ i s 
the depth of target traversed before the i * ^ ^ module, and ^^'^^i where 
i s the standard deviation of the distribution of flashed tubes i n the 
i ^ module. The standard deviations of the di s t r i b u t i o n of the apex 
deviations, obtained using various powers of these weighting factors, i s 
1/ 2 
shown i n Table 4.2. I t can be seen that the weighting, factor o gives 
1/ 2 
the best r e s u l t s for both X and Y planes, and hence a was chosen as the 
longitudinal weighting factor. 
TABLE 4.2 : Standard Deviation of the Apex Deviation Using Different 
Weighting Factors 
Longitudinal 
Weighting Factor 
standard Deviation (mm) 
X Plane Y Plane 
8.8 11.5 
7.4 11.1 
6.8 11.7 
7.6 12.4 
7.8 12.1 
9.3 16.1 . 
• 12.0 19.3 
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This r e s u l t i s not surprising since the value of i s 
unique to each module, and best describes the shower fluctuations 
observed by the p a r t i c u l a r module. 
Using the weighting factors described above, and employing 
equations 1,2 and 4, an improved estimate of the shower axis was made 
by means of a weighted i t e r a t i v e f i t in the following manner. Having 
made the simple f i r s t estimate of the shower axis using equation 1, l a t e r a l 
weighting factors for the flashed tubes i n each module were calculated, 
and used i n obtaining the weighted centroids of the shower. A straight 
l i n e was f i t t e d to these new weighted shower centres, using a l e a s t squares 
method v;hich incorporated the longitudinal weighting factors. A further 
set of weighting factors was then calculated v/ith respect to the new 
shower ax i s and the whole process repeated to obtain a second weighted 
estimate of the shower a x i s . 
This I t e r a t i v e process was continued u n t i l the differences i n 
successive values of the apex deviation converged to a constant value, 
usually a f t e r about 5 interactions. 
4.5.2 Spatial Resolution of the Detector 
The apex deviations were obtained i n the manner j u s t described, 
for some 1400 events, for each combination of target thickness and primary 
energy. Examples of the resulting distributions of apex deviations are 
shown i n Figure 4.13, for two primary energies. The s p a t i a l resolution 
i s defined as the width of the distribution containing 76% of the data. 
In the case of the di s t r i b u t i o n of apex deviations, which approximated to . 
a Gaussian d i s t r i b u t i o n , t h i s i s equivalent to the f u l l width at h a l f 
maximcrtheight of the d i s t r i b u t i o n . Figure 4.14 shows the s p a t i a l 
resolution for various absorbers calculated using the above c r i t e r i a and 
making allowance for the uncertainty of 4 ram in the location of the 
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primary positron i n the f i r s t module. The s p a t i a l resolution i s seen 
to improve as the primary energy increases and the target thickness 
•decreases. The best resolution obtained i s approximately + 5 mm(F;'JHM) for 
3.5 GeV positrons, using 0.6 radiation lengths of lead target between 
the modules. 
4,5.3 Angular Resolution of the Detector 
Having obtained the equation of the weighted shower axis as 
described i n 4.5.1, i t i s then possible to calculate the angle of the 
shower a x i s to the normal of the detector planes, for each event. The 
di s t r i b u t i o n s of the shower axis angles for two primary energies i s 
shown i n Figure 4.15. The angular resolution of the chamber was defined 
in the same manner as the s p a t i a l resolution, as the FWHM of the distribution! 
of the angular deviations of the shower axis from the normal. 
The f l a s h tube chamber was arranged i n the beam, such that the 
positrons were incident normally upon the centre of the plane of the f i r s t 
module. However,- the positron beam was only defined to +_ 2° and t h i s 
imcertainty must be allowed for i n the calculation of the angular resolution. 
Figure 4.16 shows the angular resolution, corrected for the uncertainty of 
+ 2°, for various target thickness. I t can be seen that the angular 
resolution s t e a d i l y improves for a l l target thickness, with increasing 
energy, u n t i l approximately 2.0 GeV, afte r which i t plateaus. The best 
resolution obtained i s approximately + 4°,(FWHM), beyond 2.0 GeV, using 0.6 
radiation lengths of lead. 
4.6 PERFORMANCE OF THE DETECTOR AT HIGH EVENT RATES 
When a f l a s h tube discharges the charge produced i s swept by 
the applied high voltage f i e l d , to the walls of the tube, where they 
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w i l l adhere. The presence of these charges on the walls of the f l a s h 
tube r e s u l t s i n an e l e c t r i c f i e l d across the gas volume, the direction 
of which i s such that i t opposes any subsequently applied K.T. pulse, 
and r e s u l t s i n a lower e f f e c t i v e applied f i e l d . These charges recombine 
by migration under the influence of t h e i r own f i e l d , across the tube walls. 
The field-due to these charges i s observed to decay exponentially, with a 
time constant which depends upon the i n t r i n s i c , capacitance and r e s i s t i v i t y 
of the f l a s h tube^''"^^ and upon the po l a r i t y of the applied H.T. pulse^^'''^ 
The l a t e r dependence upon the p o l a r i t y of the H.T. pulse i s not understood, 
but r e s u l t s i n two d i s t i n c t decay constants, 0.6 seconds for a positive 
pulse and 27.7 seconds for a negative pulse. Figure 4.17 shows t h i s decay 
of the i n t e r n a l f i e l d s for the high pressure tubes used in the present 
experiment. 
As the event rate i s increased, so the time between successive 
i g n i t i o n s i n which the i n t e r n a l f i e l d may decay, decreases. This r e s u l t s 
i n a reduction of the e f f e c t i v e applied f i e l d and hence the d i g i t i s a t i o n 
pulse height. The variation of pulse height with flashing rate for the 
high pressure tubes used i n the present experiment i s shown in Figure 4.18. 
Should the pulse height f a l l below the threshold required to set the memory 
log i c latches (approximately 4 V), the tubes w i l l appear i n e f f i c i e n t . 
The average layer e f f i c i e n c y of the detector as a function of event rate 
i s given i n Figure 4.19, " i t can be seen that the layer e f f i c i e n c y f a l l s 
by 13% when the event rate i s increased from 0.2 to 1.0 event sec 
This rate dependence of the e f f i c i e n c y i s unacceptable, especially with 
respect to the manner i n which the energy measurements are made. 
4.7 REDUCTION OF INTERMAI. FIELDS . 
Two approaches are available for reduction of the internal clearing 
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f i e l d , e i t her reducing the amount of charge deposited on the walls, 
or a l t e r n a t i v e l y increasing the rate of recombination of charge around 
the tube walls. The l a t t e r solution requires the reduction of the 
surface resistance of the glass by some surface treatment method. Since 
t h i s would require the fabrication of a complete set of treated tubes, the 
former solution appeared more a t t r a c t i v e . Txvo methods of reducing the 
amount of charge deposited on the tiabe walls were t r i e d and ar.e described 
below. 
4.7.1 Use of Alternate Polarity H.T.Pulses 
By the use of alternative p o l a r i t y pulses i t was hoped that the 
charges deposited on the tube walls during one discharge would be neutralised 
by the charges of opposite p o l a r i t y deposited during a subsequent discharge 
using an applied H.T. f i e l d of the opposite polarity. To t e s t t h i s 
hypothesis, a s e r i e s of laboratory experiments were conducted on a single 
(21) 
high pressure tube using a RU-106 source . Figure 4.20 shows the 
v a r i a t i o n of the mean d i g i t i s a t i o n pulse height with rate of flashing for 
alternate p o l a r i t y applied f i e l d s of 10 kV cm ^. I t can be seen that 
neither the negative or the positive d i g i t i s a t i o n pulse height f a l l s 
appreciably up to event rates of 1.6 events sec . Figure 4.21 shows the 
standard deviation of the pulse height as a function of flashing rate. I t 
can be seen that the standard deviation of the pulse height increases 
considerably with event rate. This i s caused by the txibe f a i l i n g to 
f l a s h every time the H.T. pulse i s applied. E'ailure to f i r e consecutively 
r e s u l t s i n a smaller d i g i t i s a t i o n pulse, since the internal f i e l d i s not 
neutralised. Should the tube f i r e consecutively, then the effective applied 
f i e l d w i l l be enhanced by the internal f i e l d resulting from the previous 
discharge, thus yielding a greater d i g i t i s a t i o n pulse height. 
An alternate'polarity pulsing system was b u i l t for the fla s h 
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tube chamber and tested i n the positron beam. However, i t was found 
that at event rates i n excess of 1 event sec the modules exhibited 
both i n e f f i c i e n c y and spuriousness. 
This was c l e a r l y due to the e f f e c t i v e applied f i e l d f a l l i n g 
outside the l i m i t s set for e f f i c i e n t operation of the tube due to the 
e f f e c t s mentioned above. Since the plateau-region of the applied f i e l d , 
i n which the tubes could be successfully operated, lay between 1 0 . 0 and 
1 0 . 5 kV cm (see section 3 . 2 . 1 ) i t was obviously too narrow to allow the 
use of an alternate p o l a r i t y pulsing system, which resulted i n a wide range 
of e f f e c t i v e applied f i e l d s . 
4 . 7 . 2 Use of O s c i l l a t i n g H.T. Pulses 
I t has been shown that the long t a i l associated with the normal 
RC type pulse has a considerable influence upon the quantity of charge 
(22) 
swept to the tube walls . Reduction of the pulse decay time r e s u l t s 
i n l e s s charge being deposited on the walls, but i s limited by the minimum 
pulse length required for e f f i c i e n t operation of the tube. An o s c i l l a t i n g 
HT pulse was therefore chosen since i t i s r e l a t i v e l y easy to produce, and 
the r e v e r s a l of the f i e l d direction would r e s u l t in charges of both signs 
being deposited on a p a r t i c u l a r area of the tube wall, thereby neutralising 
one another. 
An o s c i l l a t i n g pulse was obtained by insertion of a 3 mH inductance 
i n the high voltage network, as shown i n Figure 4 . 2 2 (b) . A variety of 
damping r e s i s t o r s , of between 47 and 424 Q, could also be included, to adjust 
the length and magnitude of the pulse t r a i n . Examples of the pulse shapes 
obtained are shown i n Figure 4 . 2 2 ( a ) . I t was found from a study of 
layer e f f i c i e n c y with event rate, that the pulse shape obtained using 94 Q 
damping gave the best r e s u l t s . However, inefficiency was s t i l l present, 
as can be seen from Figure 4 . 2 3 which shoivs the mean t o t a l number of tube 
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ignit i o n s as a function of energy for a number of rates. The dependence 
of e f f i c i e n c y upon event rate, would invalidate the method used to 
determine the primary energy for event rates varying above about 1 event 
-1 
sec . 
The onset of i n e f f i c i e n c y and spuriousness can be c l e a r l y seen 
from Figure 4.24, which shows the l a t e r a l shower sections obtained for 
rates of 1.3 and 7.5 events sec ^ . These distributions should be compared 
to those i n Figure 4.7 which were obtained at an event rate of 0.1 events 
-1 
sec . 
4.8 CONCLUSIONS 
I t has been shown that high pressure neon-helium f l a s h tubes, 
doped with methane can operate successfully i n an acceleration type environ-
ment. Tests conducted with an electromagnetic shower detector using planes 
of f l a s h tubes as the sampling elements showed that such a detector can 
offer a competitive degree of both s p a t i a l and energy resolution. A 
comparison of the energy resolution of the f l a s h tube chamber, using 1.2 
and 1.8 radiation lengths of lead target, with other shower detectors, i s 
made i n Figure 4.25. I t can be seen that for primary energies of 1 GeV 
and below, the resolution i s as good as, or better, than that offered by 
the more complex wire chambers, or p l a s t i c s c i n t i l l a t o r sampling devices. 
However, at higher energies the resolution deteriorates using 1.2 radiation 
lengths of lead, due to high shower density and poor containment.-
Although a detector operating on the shower sampling p r i n c i p l e 
cannot a t t a i n the energy resolutions associated with the homogeneous type 
of detector, such as lead glass or Nal, i t must be remembered that to 
at t a i n s p a t i a l resolutions of the order of+ 5inm.(FWHM) as-was. achieved with the| 
f l a s h tube chamber, r e s u l t s i n both complex and costly devices. 
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Furthermore, i t i s possible to achieve large sensitive areas using flash 
tube arrays (the cost per tube being independent of i t s length), which i s not 
generally the case with the other detectors i l l u s t r a t e d i n Figure 4,25. 
I t appears,therefore, that f l a s h tubes can f u l f i l l the requirement 
for a simple inexpensive large area electron-photon detector offering a 
reasonable degree of both s p a t i a l and energy resolution for use on 
acceleration based experiments. However, the r e s t r i c t i o n to event rates 
of l e s s than 1 event sec ^, due to internal f i e l d s , w i l l l i m i t the possible 
applications of the detector. Simple solutions to the problem, i n the 
form of modified pulsing systems, f a i l e d to reduce the internal f i e l d s , and 
i t appears that i t i s necessary to reduce the surface resistance of the 
glass by some surface treatment to reduce the internal f i e l d s . E a r l i e r 
attempts at rc-ducing the surface resistance by a coating of stannic oxide 
(22) 
had proved unsuccessful , r e s u l t i n g in spurious flashing. Other surface 
treatments were not t r i e d since i t was f e l t that t h i s would greatly increase 
the cost of the detector. 
I t has been previously shown that large diameter, low pressure 
methane doped f l a s h tubes, can be operated at event rates of 50 events sec~^, 
without deterioration due to i n t e r n a l f i e l d s I t was decided, there-
fore, to build a detector using these large diameter tubes. To overcome 
the i n s e n s i t i v i t y due to the large diameter of the tubes, i t was decided 
to use two layers of tubes, with staggered centres, for each X and Y detect-
ing plane. To locate the position of the incident positron, a system of 
d r i f t chambers was used, thus eliminating the large uncertainty (4^  a tube 
radius) which arose when defining the apex deviation in the high pressure 
f l a s h tube chamber. The construction, operation and performance of t h i s 
detector i s described i n the following chapter. 
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CHAPTER FIVE 
AN ELECTRON-PHOTON SHO\'/ER DETECTOR EMPLOYING LOW PRESSURE 
FLASH TUBES 
5.1 . INTRODUCTION 
I t has been shown i n Chapter 4 that i t i s possible to construct 
a r e l a t i v e l y simple, inexpensive shower detector using planes of f l a s h 
tubes as the sampling elements offering a useful degree of both s p a t i a l 
and energy resolution. However, the applications of t h i s detector to 
accelerator based experiments w i l l be limited unless the maximum event 
rate can be raised above the present c e i l i n g of l e s s than 1 sec ^. 
Large diameter, low pressure f l a s h tubes, have been shown to operate 
s u c c e s s f u l l y at event rates of 50 sec , without any detectable 
deterioration i n t h e i r performance. The use of large diameter f l a s h tubes 
r e s u l t s i n a degradation of the detectors a b i l i t y to resolve individual 
p a r t i c l e s i n dense showers, which w i l l be of p a r t i c u l a r significance regard-
ing the energy measurement. An improvement may be achieved by the use of 
two staggered layers of f l a s h tubes for each sampling plane. This, and 
other improvements were incorporated i n the detector described below, which 
would enable i t to operate at event rates of at l e a s t 50 sec yet s t i l l 
maintain the useful resolution obtained from the high pressure f l a s h tiabe 
chamber. 
5 .2 DESIGN AND CONSTRUCTION OF THE DETECTOR 
The shower detector consisted of eleven' sampling modules, 
interspaced with gaps, i n which various types and thickness of target 
material could be inserted- For these s e r i e s of t e s t s , 0 . 6 , 1 . 2 , 1.8 and 
2 . 4 radiation lengths of lead and 0 . 5 radiation lengths of iron were used. 
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Each sampling plane contained four layers of-16 tubes per layer, 
arranged i n two orthogonal sets of t\m staggered layers, so as to provide 
X and Y co-ordinates of the distribution of shower secondaries across the 
sampling plane. This resulted i n a sensitive area of 32 cm square. 
A section through a sampling module i s shown i n Figure 5.1. The character-
i s t i c s of the tubes used i n the detector are given in Table 5.1. Some means 
must be provided to prevent photons from one flashing tube from causing an 
u • 
adjacent txabe to f l a s h . Previously, with the large diameter tubes, t h i s 
had been achieved by sleeving the tubes in thin black p l a s t i c T o 
accommodate t h i s additional material the distance between tube centres must 
be increased, r e s u l t i n g i n a lower layer e f f i c i e n c y . The ti±ies of the 
present detector were,therefore, coated i n a thin layer of black enamel paint. 
TABLE 5.1;Flash Tube C h a r a c t e r i s t i c s 
Diameter (mm) Length Pressure Glass Gas Sensitive Recovery 
In t e r n a l External (mm) (Torr) Type Composition Time (ps) Time (ms) 
70% Ne 
16 18 500 600 Soda 30% He 3.0 7.0 
+1% CH, 4 
Although i t has been shown that painting the tube reduces the 
conductivity of the outer surface and enhances the e f f e c t of the internal 
(2) • 
f i e l d s , i t was considered that t h i s would have l i t t l e e f f e c t upon the tube's 
performance under the anticipated operating conditions. 
To determine the position of entry of the incident p a r t i c l e into the 
detector, and hence the true apex of the resulting shower, two independent 
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systems were adopted which represented a considerable improvement upon 
the method used in the high pressure chamber, and are described below. 
(1) Eight layers of f l a s h tubes, of the type described i n Table 5 . 1 , 
containing eight tiibes per layer, arranged i n two orthogonal sets of four 
staggered la y e r s , were placed immediately i n front of the f i r s t layer of 
target material, where the apex of the shower i s located. These layers of 
f l a s h tubes are referred to as the apex planes. The t o t a l sensitive area 
of the apex planes amounted to 16 cm square. Since i t i s necessary to 
define single tracks i n these apex planes, the probability of showering 
must be kept to a minimum. A l l apex plane electrodes were manufactured 
from 1 mm aluminium sheet, as opposed to the 2 mm sheet used i n the shower 
modules. The t o t a l amount of i n e r t material amounted to 0 .28 radiation 
lengths i n the apex modules. 
(2) Six d r i f t chambers, each containing two d r i f t c e l l s , were arranged 
i n 3 sets of two orthogonal layers, to resolve the l e f t - r i g h t ambiguity and 
provide X-Y co-ordinates for the incident p a r t i c l e . The d r i f t length of 
26 mm resulted i n a detection area of 130 mm x 130 mm, but due to the 
staggered configuration the area i n which tracks could be uniquely defined 
was 78 mm X 78 mm. 
The d r i f t chambers were of a novel d e s i g n t h e cathode wires 
being etched on each side of a copper coated printed c i r c u i t board. The 
etched f i e l d wires on each' side of the board being orthogonal, such that 
adjacent chambers (one i n the X and one i n the Y plane) share the same 
board, r e s u l t i n g i n a low mass, simple configuration which reduces the 
l i k e l i h o o d of scattering. The t o t a l cimount of i n e r t material amounted to 
0 . 0 5 radiation lengths. 
I t was intended not on3.y to u t i l i s e the s p a t i a l information provided 
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by these chambers, but also to investigate t h e i r performance under the 
more convenient conditions of a p a r t i c l e beam, (as opposed to a radio 
active source), Hence the geometry of the system of chambers was not 
optimised s o l e l y for the requirements of the shower detector, (the chambers 
being c l o s e l y stacked resulting i n a poor lever arm and hence angular 
re s o l u t i o n ) . . 
The assembly of d r i f t chambers was mounted immediately i n front 
of the apex planes as shown schematically in Figure 5 .2 and the photograph 
in Figure 5 . 3 . . The performance of the d r i f t chambers and apex planes, and 
the manner i n which t h e i r s p a t i a l information was employed i s given i n 
section 5 . 7 . 2 . 
The whole assembly of shower modules, apex planes and d r i f t chambers,] 
shown schematically i n Figure 5 . 2 . , was supported i n a s t e e l framework, clad 
i n aluminium sheet to prevent e l e c t r i c a l interference from the high voltage 
pulsing system. The complete detector system, minus the aluminium sides 
i s shown i n Figure 5 . 3 . 
5 .3 ELECTRONIC CIRCUITS, TRIGGER LOGIC AND DATA ACQUISITION SYSTEM 
5 . 3 . 1 H.T.Pulsing and Clearing F i e l d System 
The f l a s h tubes were f i r e d by means of a high voltage pulse, of the 
RC decay type, applied to the HT electrode. This pulse was form.od by the 
c i r c u i t shown i n Figure 5 . 4 , the switching was achieved by means of a hydrogen| 
tb-yPCLCfod (English E l e c t r i c CX 1157) . The c h a r a c t e r i s t i c s of the RC pulse 
are given inTablei 5.2,and refer to the pulse used whilst taking data at a 
low event rate. For other operating conditions the pulse was changed 
accordingly. 
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TABLE 5.2 : C h a r a c t e r i s t i c s of the High Voltage Pulse 
Peak Decay Rise Delay 
F i e l d Constant Time 
(kV/Cm) (ys) (ns) (ns) 
4.75 2.0 80 400 
Since the number and type of module supplied by each 6000 pf 
capacitor, shown i n Figure 5.4, varied, i t was necessary to incorporate 
a damping r e s i s t o r to ensure that the pulse c h a r a c t e r i s t i c s were i d e n t i c a l 
for each module. Without t h i s damping r e s i s t o r a large spike and excessive 
ringing of the HT pulse occurred i n some modules. 
To ensure a short sensitive time, a square wave clearing f i e l d of 
frequency 100 Hz, magnitude +_ 30 V/Cm was applied as shown i n Figure 5.4.. 
5.3.2 Output D i g i t i s a t i o n 
(4) 
A flashed tube was recorded by means of a d i g i t i s a t i o n probe 
This ,probe consisted of a brass M6 screw, whose head was placed i n contact 
with tne plane end of the f l a s h tube. Figure 5.5 shov/s the dependence of 
the d i g i t i s a t i o n pulse height upon the applied f i e l d for 3 probe s i z e s , at 
an event rate of 50 sec I t can be seen that for the p a r t i c u l a r probe 
s i z e (11 mm) and applied f i e l d (4.75 kV/Cm) chosen, the d i g i t i s a t i o n pulse 
height obtained across the 5.6 kfi input impedance of the TTL memory'logic 
remains well above the threshold of 4 V required to set the latches. 
As with the detector employing high pressure fla s h tubes, the data 
acquisition system required that the information concerning whether a tube 
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flashed or not should be temporarily stored before processing by the 
on-line computer. This was achieved by means of TTL latches as described 
i n 3.3.1. The latches required to service the 64 tubes of each sampling 
module were mounted on 6 printed c i r c u i t boards, as seen i n the photograph 
i n Figure 5.3. 
5.3.3 Trigger Logic and Data Acquisition System 
As with the previous detector t e s t s were conducted using the NINA 
electron synchrotron t e s t beam f a c i l i t y at the Daresbury Laboratory, as a 
source of mono-energetic positrons. The trigger logic and data 
ac q u i s i t i o n system i s shown i n Figure 5.6. The complete cycle of the data 
ac q u i s i t i o n system for one event i s described below. 
(1) A NINA minim\am f i e l d pulse i s received at the time of in j e c t i o n . 
After a delay, determined by the energy at v/hich i t i s wished to extract the 
positrons, a "window" of 2 ms i s set. Should a coincidence of the 
s c i n t i l l a t i o n s S^—> S^ occur within t h i s v/indow, i t i s taken as evidence that 
a positron of known energy has passed into the detector. 
(2 ) The interrupt r e g i s t e r i n CAMAC i s disabled against receiving 
further information. 
(3 ) A s t a r t pulse i s sent to the d r i f t chamber T.D.C's. 
(4) A trigger i s sent to the high voltage pulsing system, approximately 
40 0 ns has passed since the i n i t i a l coincidence was received. 
(5 ) After a delay of approximately 10 ys, to allow the high voltage 
pulse and i t s e f f e c t s to die away, the status of the latches i s read v i a 
6 X 132 way cables by 3 x 256 b•i^t CAMAC input registers into the PDF 11-05 
computer where i t i s temporarily buffered, along with the TDc data. 
(6) The d i g i t i s a t i o n latches are reset and the TDC's cleared i n 
readiness for the next event. 
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(7) The data for the event i s sent down the data l i n k , where i t i s 
stored on d i s c i n the IBM 370 computer. 
(8) The p a r a l y s i s i s removed from the interrupt r e g i s t e r , ready for 
the next event. 
The program controlling the above sequence of events was written 
i n a language c a l l e d CATY^^^, which i s primarily designed for testing 
CAMAC systems. Although i t i s a simple and convenient language for t h i s 
purpose, i t i s rather slow for data acquisition requirements. Because of 
t h i s , - although the detector may be operating at a high event rate, the speed 
at which the computer i s able to "process" events i s determined by the cycle 
time of the program. For example, although the maximum rate at which the 
chamber was operated was 50 events sec ^, the rate at which the program 
could handle data was 30 events sec This meant that the computer ignored 
40% of the available events, however no bias could e x i s t at to which events 
were written to d i s c , and the data was unaffected s t a t i s t i c a l l y . 
5.4 OPERATION OF THE DETECTOR IN THE POSITRON BEAM 
Before the detectors performance as a shower counter could.be 
ascertained i t i s f i r s t necessary to determine the fundamental requirements 
such as f i e l d strength, r i s e times etc., necessary to ensure e f f i c i e n t 
operation of the f l a s h tubes. Also, a l l spurious and i n e f f i c i e n t tubes 
must be replaced and a check made of the sensitive and recovery times of 
the f l a s h tubes. This s e t t l i n g up of the detector in the positron beamline 
i s described below. 
5.4.1 HT Plateau and Module E f f i c i e n c i e s 
The most convenient way i n which to determine the e f f i c i e n c y of 
the detector i s to remove the J.cad target and measure the a b i l i t y to detect 
s t r a i g h t through single p a r t i c l e tracks. The effici e n c y of the i ^ ^ layer 
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being given by 
0^ = t o t a l number of ignitions in i ^ ^ layer 
Total number of events 
However, the amount of i n e r t material in the detector i s 
approximately 2.4 radiation lengths and therefore the probability of a 
p a r t i c l e passing through the detector, without i n i t i a t i n g a shower,is 
small. Once a shower has occurred the probcibility of finding a flashed 
tube i n subsequent lay e r s i s greatly increased, resulting in an a r t i f i c i a l l y 
high estimate of the e f f i c i e n c y of that module. This can be seen i n 
Figure 5.7, where the e f f i c i e n c y of the modules i s seen to r i s e towards the 
rear of the detector. To overcome t h i s problem, i t was decided to take 
the 64 tiibes of the apex planes i n which the probability of showering i s 
much reduced, as a representative sample of the t o t a l 768 tubes. 
In t h i s manner the HT plateau shown i n Figure 5.8 was obtained, 
and a f i e l d of 4.75 kV/Cm was chosen for e f f i c i e n t operation. 
Plots of the beam p r o f i l e at each sampling plane, obtained for a 
large number of events (approximately 2000), revealed the presence of 
spurious or i n e f f i c i e n t tubes by way of spikes or holes in an otherwise 
smooth d i s t r i b u t i o n . These defective tubes were replaced. 
5.4.2 Determination of Sensitive Time 
The s e n s i t i v e time i s defined as that time between the passage 
of a p a r t i c l e through a f l a s h tube and the application of the HT pulse, 
for which the i n t e r n a l e f f i c i e n c y f a l l s to 50%. For the tubes used i n the 
present experiment t h i s represents a layer effi c i e n c y of approximately 40%. 
By means of a gate generator, a variable delay could be introduced 
between the fourfold coincidence and the triggering of the high voltage 
pulse. For each delay approximately 1000 events were taken at a rate 
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of 10 events min ^. The r e s u l t s are shown i n Figure 5.9, and by the 
above d e f i n i t i o n a sensitive time of 3.0 ys i s obtained. This i s in 
good agreement with the r e s u l t s of other workers. 
During these t e s t s a square wave clearing f i e l d of frequency 
100 Hz, magnitude +_ 30 V/Cm was applied across the tubes. 
5.4.3 Determination of Recovery Time 
The recovery time i s defined as that period of time necessary 
between the flashing of the tube and the application of a second high voltage 
pulse, for the probability of spurious reignition to f a l l to 50%. 
A simple program was written using CATY and i s outlined i n 
Figure 5.10. Due to the speed of the CATY program, and the short time 
i n t e r v a l between successive HT pulses, i t was only possible to handle limited 
quantities of data, for t h i s reason only the behaviour of the X planes was 
studied. 
Because of the short time delays between the f i r s t and second 
pulse, care had to be taken to ensure that the output of the power supply, 
at the time of applying the second pulse, did not f a l l below the value 
required to ensure e f f i c i e n t operation of the tubes. The output of the 
power supply v/as matched to the pulse forming network by insertion of a 
s e r i e s r e s i s t o r i n the charging l i n e . The optimum value of t h i s r e s i s t o r 
was found empirically to be 138 kfi. 
The detector was operated at an event rate of 10 min ^, and a 
minimum of 100 events recorded for each value of delay between the 1st 
and 2nd HT pulse. The r e s u l t s are given i n Figure 5.11, giving a recovery 
time of 7 ms, a factor of 12 greater than that of the e a r l i e r workers ^"'"^  * 
The method used here to determine the recovery time i s considered 
superior to that used for previous measurements, since i t allows the 
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study of reignition patterns of individual events, and those events where 
an i o n i s i n g p a r t i c l e passed through the detector immediately before, 
or during the application of the 2nd HT pulse may be e a s i l y i d e n t i f i e d ' 
and rejected. 
5.5 ELECTROMAGNETIC SHOWER PARAMETERS RECORDED BY THE DETECTOR 
As explained i n section 4.2, a comparison of the major parameters 
of the electromagnetic shower recorded by the detector, with those predicted 
by theory, can be of assistance i n understanding the behaviour of the 
detector since both the energy and s p a t i a l measurements r e l y on a tiniform 
response to charges i n both the number and the distribution of the shower 
secondaries. 
Shower data was taken using positrons i n the energy range 0.5 to 
3.5 GeV, 0.6, 1.2, 1.8 and 2.4 radiation lengths of lead, and 0.5 radiation 
lengths of iron being used as target material. For each energy-target 
configuration approximately 2000 events were taken at a rate of 10 events 
min ^. The principal' parameters r e l a t i n g to the number and distribution 
of the shower secondaries are the tr a n s i t i o n curve, the position of the 
shower maxima and the attenuation c o e f f i c i e n t of the shower t a i l . 
Figure 5.12 shows both the experimental and theoretical transition 
curves ; obtained for 3 primary energies in lead. The theoretical durves 
(7) 
are obtained from the Monte Carlo simulations of Messel and Crawford for 
a threshold l e v e l of 2 MeV. The data from the detector has been presented 
i n two forms. F i r s t l y , the average number of fl a s h tube ignitions i n a 
single layer of tubes has been plotted as a function of target thickness 
preceeding the layer. The discrepancy between theory and experiment i s a 
fc'Ctor of approximately 2 worse than that occurring with high pressure tubes. 
1-5 GeV 
2-5 GeV 
3.5 GeV 
2 A 6 8 10 12 U 16 18 20 
TARGET DEPTH (R.L. Pb) 
PRESENT EXPERIMENT 
CORRECTED DATA 
THEORY 
IGURE 5.12 SHOWER TRANSITION CURVES IN LEAD 
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which r e f l e c t s the i n a b i l i t y with increasing diameter to resolve 
individual p a r t i c l e s i n dense showers. The dotted curve represents the 
data corrected for t h i s f i n i t e s p a t i a l resolution. The relationship used 
to correct the data (see Appendix 1) , assumes a uniform flux crossing the 
layer of tubes. I t can be seen from the deviation between theory and the 
corrected data that only at large target depths and low primary energy does 
t h i s assumption s t a r t to become v a l i d . 
The position of the shower maximum,defined as the target depth 
at which the probability of finding a secondary i s greatest, i s shorn i n 
Figure 5 . 1 3 . I t can be seen that the r e s u l t s obtained using lead target 
. agree with the theory at low energies but deviate towards greater target • 
depth with increasing energy. This again i s due to the dependence of the 
f l a s h tubes a b i l i t y to resolve individual p a r t i c l e s , upon the p a r t i c l e 
density,- which,coupled with the. f a c t that the shower secondaries l i e on 
average within a cone, r e s u l t s i n the peak number of tube ignitions, (which 
i s a function not only of the number of p a r t i c l e s , but also t h e i r density) 
occurring at greater target depth. The experimental r e s u l t s of Backenstoss 
et a l , obtained using s c i h t i l l a t o r sampling in iron are included i n 
Figure 5 . 1 3 for comparison with the data obtained from the present detector 
using iron target. The positions of the shower maxima for various primary 
energies i n lead and iron are given in Table 5 . 3 . 
TABLE 5 . 3 : Shower Maxima -and Attenuation Coefficients 
Energy Position of 
(GeV) . Lead 
0 . 5 2 . 6 + 0 . 3 
1 . 5 4 . 2 + 0 . 4 
2 . 5 5 . 0 + 0 . 4 
3 . 5 5 . 4 + 0 . 4 
Iron 
Attenuation Coefficient (R.L ) 
Lead I Iron 
1 . 7 + 0 . 1 
3 . 3 + 0 . 3 
4 . 2 + 0 . 3 
5 . 0 V 0 . 4 
0 . 2 7 
0 . 2 6 
0 . 2 4 
0 . 2 4 
0 . 4 0 
0 . 3 0 
0 . 3 0 
0 . 2 9 
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Also given i n Table. 5 . 3 . a r e the attenuation'coefficients obtained 
for various energies i n lead and iron by means of a l e a s t squares f i t to 
the data points beyond the shower maximum. The decrease of the attenuation 
coefficient, with increasing energy again resu].ts from the poor resolving 
powers of the f l a s h tuber Hov;ever, the values of the attenuation coe f f i c i e n t 
at 0 . 5 GeV, where the ef f e c t of p a r t i c l e density i s not excessive, are i n 
( 9 ) - 1 good agreement with the values given by Siegbahn of 0 . 2 7 and 0 . 4 2 R.L. 
for lead and iron respectively. 
5 . 6 ENERGY MEASUREMENT 
The primary energy i s determined i n the same manner as for the 
previous detector, the mean number of flashed tubes being taken as a measure 
of the number of shower secondaries,which i s proportional to the primary 
energy. The number of flashed tubes may deviate considerably from the 
number of secondary p a r t i c l e s i n the shower, due to f a i l u r e to contain the 
shower within the volxme of the detector and the i n a b i l i t y of the fl a s h 
ti ± i e to resolve individual p a r t i c l e s i n dense showers as shovm in section 5 . 5 . 
These defects r e s u l t i n an under-estimation of the number of secondaries with 
increasing energy. 
An indication of the longitudinal shower loss using 0 . 6 , 1 . 2 and 
1 . 8 radiation lengths of lead i s given i n Figure 5 . 1 4 . I t can bs seen 
that even at 0 . 5 GeV, using 0 . 6 R.L. lead, a considerable portion of the 
shower escapes from the rear of the detector. Containment can be assured 
by the use of thicker target, 1 . 8 R.L. lead almost completely contains a 
3 . 5 GeV shower. However, the use of thicker target r e s u l t s i n greater 
s t a t i s t i c a l fluctuations i n the number of shower secondaries, and therefore 
may not necessarily mean an improved resolution. Losses also occur i n the 
l a t e r a l d irection, but are small compared to the longitudinal l o s s , as can 
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be seen from Figure 5 . 1 5 , which shows the shower shapes obtained at 
3 . 5 GeV using 0 . 6 R.L. lead target, the V7orse energy-target configuration 
as regards, shower containment. Table, 5.4shows the percentage of shower 
contained within the detector for various target thickness and energy. 
The number of tube ign i t i o n s as a function of energy- corrected for shower 
los s gives a closer approximation to the l i n e a r relationship predicted by 
theory. 
TABLE 5 . 4 : Percentage of Longitudinal Shower Leakage 
Target 
(R.L.pb) 
Energy 
(GeV) 
Number of Tube 
Ignitions 
Percentage of 
Shower Contained 
Number of Ignitions 
Corrected for Loss 
0 . 5 2 5 . 5 7 6 . 8 3 2 . 2 
1 . 5 5 6 . 0 6 9 . 3 8 0 . 8 
0 . 6 
2 . 5 7 5 . 7 5 6 . 3 1 3 4 . 4 
3 . 5 8 9 . 9 4 8 . 8 1 8 4 . 2 
0 . 5 4 0 . 3 9 6 . 0 4 1 . 9 
1 . 2 
1 . 5 
2 . 5 
6 7 . 1 
9 7 . 4 
9 3 . 9 
9 2 . 4 
7 1 . 5 
1 0 5 . 4 
3 . 5 1 2 3 . 2 8 9 . 8 1 3 7 . 2 
The remaining deviation from l i n e a r i t y i s primarily due to the poor 
individual electron s e n s i t i v i t y of the large diameter tubes. The 
s e n s i t i v i t y of a single layer of f l a s h tubes at various target depths and 
primary energy i s shown i n Table 5 . 5 . The inverse relationship between 
s e n s i t i v i t y and the number of p a r t i c l e s crossing the layer can be c l e a r l y 
seen. The s e n s i t i v i t y f a l l i n g to a minimum at the target depth correspond-
ing to the position of the shower maxima. 
The choice of two staggered layers of tubes for the X and Y 
sampling elements eliminates the i n s e n s i t i v e volume due to the thickness 
TABLE 5 . 5 : Individual Electron S e n s i t i v i t y of a Layer of Flash T\ibes 
as a Function of Energy For Various Target Thickness 
Target 
Thickness 
R.L. Pb 
Target 
Depth 
R.L. Pb 
Individual Electron S e n s i t i v i t y (%) 
0 . 5 GeV 1^5 GeV 2 . 5 GeV 3 . 5 GeV 
1 . 0 9 8 . 1 9 1 . 2 9 0 . 7 8 0 . 3 
1 . 8 • 8 4 . 2 6 9 . 1 6 1 . 6 ' 5 4 . 9 • 
2 . 6 7 6 . 7 6 1 . 7 4 8 . 0 4 0 . 6 
3 . 4 6 8 . 0 5 2 . 6 4 3 . 5 2 6 . 1 
4 . 2 6 7 . 1 4 8 . 6 4 0 . 5 3 3 . 4 
0 . 6 5 . 0 6 6 . 5 5 1 . 4 4 5 . 4 . 3 8 . 2 
5 . 8 6 4 . 6 5 1 . 1 4 4 . 3 3 4 . 1 
6 . 6 6 1 . 6 5 3 . 6 5 1 . 5 4 0 . 7 
7 . 4 5 7 . 1 5 3 . 6 5 1 . 6 4 0 . 8 
8 . 2 5 3 . 2 5 2 . 8 5 0 . 8 4 2 . 6 
9 . 2 5 7 . 1 5 0 . 9 5 2 . 7 4 2 . 7 
2 . 2 8 1 . 7 7 3 . 1 6 6 . 1 6 2 . 7 
4 . 2 7 1 . 5 5 7 . 2 4 0 . 0 3 5 . 6 
6 . 2 7 5 . 4 5 3 . 8 4 4 . 1 . 3 4 . 1 
8 . 2 7 4 . 4 5 9 . 6 4 9 . 3 3 5 . 5 
1 0 . 2 6 9 . 6 6 5 . 7 5 8 . 1 3 5 . 0 
1 . 8 1 2 . 2 6 8 . 4 7 1 . 6 6 6 . 7 4 7 . 7 
1 4 . 2 6 4 . 7 7 0 . 1 6 5 . 9 4 8 . 3 
1 6 . 2 4 6 . 9 6 7 . 9 6 5 . 8 5 0 . 7 
1 8 . 2 4 4 . 6 6 3 . 6 6 0 . 2 5 0 . 0 
2 0 . 2 5 0 . 0 6 1 . 7 4 9 . 3 4 8 . 6 
2 2 . 2 4 4 . 6 6 0 . 0 5 0 . 0 5 2 . 1 
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of the tube walls that occurs with a single layer of tubes. However, 
since the sen s i t i v e volumes of the tvra layers overlap, a situation may 
ar i s e , p a r t i c u l a r l y at low secondary p a r t i c l e density, where the number 
of flashed tubes i s an overestimate of the number of secondary p a r t i c l e s . 
Assuming a uniform flux, the worst possible overestimate, from pure 
geometrical considerations, i s by a factor of 1 . 6 . Further consideration 
to t h i s problem i s given i n Appendix 1 . . 
5 - 6 . 1 Energy Resolution 
Since the number of tube ignitions does not remain proportional 
to the number of shower secondaries, and hence the primary energy, i t i s -
not possible to use the FWHM of the frequency distribution of ignited 
tubes as a measure of the energy resolution of the detector. The energy 
resolution, ^''e, was calculated using the following expression, which took 
ei<cot/A/6'o of t h i s lack of proportionality 
dE N dN 1 
E E * N ' dN/dE • 
dN 
v/here : — i s the gradient of the curve, shown i n Figure 5 . 1 6 , of the mean dE 
number of tube ignitions as a function of energy E 
dN i s the FWHM of the frequency distribution of the number of tube 
ignitions for a p a r t i c u l a r E. Examples of these distributions 
are given i n Figure 5 . 1 7 
N i s the mean number of tube ignitions for a par t i c u l a r E 
E i s the primary energy i n GeV 
The resolutions obtained using t h i s relationship, for various 
primary energy and target are given i n Table 5 .6and shown i n Figure 5 . 1 8 . 
The resolution of the detector i s , i n theory,expected to improve as 
^^^^^ Energy Resolution Using One and Two Layers of Flash Tubes 
Target 
Thickness 
(R.L.Pb) 
Primary 
Energy 
(GeV) 
Resolution (%) Target Thickness 
Primary 
Energy 
(GeV) 
Resolution (%) 
2 Layers 1 Layer (R.L.Pb) 2 Layers 1 Layer 
0 . 5 5 7 . 7 6 3 . 0 0 . 5 7 2 . 0 7 0 . 0 
i . o 3 7 . 7 4 8 . 0 1 . 0 5 6 . 2 6 2 , 0 
1 . 5 3 3 . 3 4 8 . 0 1 . 5 5 3 . 7 5 9 . 0 
0 . 6 2 . 0 3 5 . 6 4 5 . 0 1 . 8 - 2 . 0 5 0 . 8 6 2 . 0 
2 . 5 3 7 . 5 5 5 . 0 2 . 5 4 6 . 0 6 4 , 0 
3 . 0 3 4 , 3 6 7 . 0 3 . 0 4 4 . 5 6 4 . 0 
3 . 5 3 8 . 7 9 6 . 0 3 . 5 4 4 . 3 7 6 . 0 
0 . 5 4 4 . 9 7 0 . 0 0 . 5 8 5 . 3 9 4 . 0 
1 . 0 4 0 . 8 5 1 . 0 1 . 0 6 8 . 8 7 9 . 0 
- 1 . 5 4 1 . 3 5 2 . 0 1 . 5 5 3 . 7 6 6 . 0 
1 . 2 2 . 0 4 0 . 7 4 7 . 0 2 . 4 2 . 0 4 8 . 9 5 9 . 0 
2 . 5 4 2 . 2 5 1 . 0 2 . 5 4 8 . 8 6 3 . 0 
3 . 0 4 2 . 1 5 3 . 0 3 . 0 4 5 . 4 7 3 , 0 
3 . 5 4 0 . 2 6 8 . 0 3 . 5 4 6 . 6 6 4 . 0 
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and the experimental points obtained using 1 . 8 and 2 . 4 radiation lengths 
of lead target, are found to f i t the relationships 
R = 1 9 . 2 + 4 2 . 1 / v ^ 
R = 3 2 . 5 + 2 5 . 8 / / E 
respectively, where R i s the resolution (%) and E i s the primary energy (GeV) . 
At low energies, the resolution i s seen, to improve using 0 . 6 and 
1 . 2 radiation length lead, however the resolution rapidly deviates from the 
expected improvement due to leakage and individual electron s e n s i t i v i t y . 
A best resolution of approximately 35% was obtained at 2 . 0 GeV using 0 . 6 
radiation lengths of lead. 
. The improvement i n energy resolution resulting from using 2 layers 
of staggered tubes can be seen from Table 5 . 6 which show the resolution 
calculated using one layer of tubes only. The change i n resolution 
should be governed by the improvement of '^ '^ N obtained using two 
layer s of tiibes. In prac t i c e , however, the resolution deviates from t h i s 
expected '^^/l improvement at high and low energies, due to the di f f e r i n g 
response of the 1 and 2 layer configurations to the changing parameters of 
the shower. 
5 . 7 SPATIAL AND ANGULAR RESOLUTION 
The technique used to determine the s p a t i a l and angular resolution 
of the detector i s almost i d e n t i c a l to that employed with the high pressure 
f l a s h tube chamber. Use i s made of the fact that, subject to s t a t i s t i c a l 
fluctuations, the shower of secondaries i s uniformly distributed r a d i a l l y 
around the extension of the traijectory of the incident positron. Thus 
i f the longitudinal axis of the shovrer i s found i t may be projected forward 
to fi n d the i n i t i a l point of interaction of the primary,called the shower apexj 
- 6 7 -
The deviation of the shower apex from an accurate measurement 
of the position of the primary p a r t i c l e , obtained from the d r i f t chamber 
assembly i s then determined. The FWHM of the frequency distribution of 
these deviations, for a large number of events, i s then used as a . measure 
of the s p a t i a l resolution. The angular deviation of the calculated shower 
axi s from the normally incident primary i s obtained from the equation of 
the shower ax i s . The FWHM of the frequency distribution of these angular 
deviations gives a measure of the angular resolution. 
5 . 7 . 1 F i t t i n g the Shower Axis 
Each sampling plane of f l a s h tubes w i l l give a l a t e r a l section 
through the shower. The shower sections' shown i n Figure 5 . 1 9 may be 
taken as t y p i c a l sections. The centre of gravity of the shower section for 
an individual event i s found by calculating the geometric mean of the 
d i s t r i b u t i o n , using the following expression 
i = 1 
where = i s the co-ordinate of the centre of gravity of the shower 
i n the i ^ ' ^ module ' 
Y^j = i s the co-ordinate of the j ^ ' ^ ignited ti ± i e in the i " ' ^ module 
= i s the t o t a l number of tube ignitions in the i ^ ^ module. 
To the 22 shower centroids obtained for each X and Y plane, a 
str a i g h t l i n e i s f i t t e d using the l e a s t squares method, and a f i r s t estimate 
of the shower ax i s i s obtained. This i n i t i a l estimate of. the axis takes no 
account of the s t a t i s t i c a l fluctuations to which the developing shower i s 
subject, and which r e s u l t s i n the information i n the head and core of the 
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Shower being more r e l i a b l e than that of the t a i l and sides. To account 
for these fluctuations the data i s weighted i n the l a t e r a l and longitudinal 
directions according to the position, with respect to the i n i t i a l estimate 
of the shower ax i s from which the data originated. 
In calculating the l a t e r a l weighting factor, use i s made of the 
approximate gaussian form of the distribution of flashed tubes, as can be 
seen i n Figure 5.19. The l a t e r a l weighting factor for the J ^ ^ tube i n 
the i * ' ^ module i s given by the following relationship 
W..(Y..) = exp (- q^^) (2) 
Y. . - Y. cos (j) 
where q. . = — ^ (3) 
" i 
i j 
and Y. . = i s the distance of the j ^ ^ tube in the i ^ ' ^ module i j 
from some fixed reference point 
Y^ = i s the distance of the shower axis from the same, reference 
point used i n the definition of Y^^ 
<\) = i s the angle between the shower axis and the perpendicular 
to the plane of the modules 
bh 
= i s the standard aeviation of the shower i n the i ' module 
since <))^ 2°, equation (3) can be written as 
Y, . - Y, 
The data was weighted j.n the longitudinal direction according to 
^^a , where a. i s the standard deviation of the distribution of ignited tubes 
- 69 -
th 
i n the i module, and best represents the fluctuations i n density 
and position of the shower secondaries at that plane. The variation 
of the standard deviation of the shower p r o f i l e with depth i s given i n 
Figure 5 . 2 0 , for two target thickness and 3 primary energies. I t can 
be seen that there i s no appreciable variation of shower width with 
energy. 
The shower axis was f i t t e d using an iterative- process which 
incorporated the l a t e r a l and longitudinal weighting factors. Having • 
f i r s t obtained the unweighted i n i t i a l estimate of the shower axis by 
means of a l e a s t squares f i t to the shower centroids, obtained using 
equation ( 1 ) , a new set of shower centres, l a t e r a l l y weighted with respect 
to the i n i t i a l shower axis , are calculated. To these new shower centres 
an improved estimate of the shower axis i s obtained by means of a l e a s t 
squares f i t , incorporating the longitudinal weighting factor ^'^cr^. New 
weighted shower centres are calculated with respect to the improved estimate 
of the a x i s , and the process continued. Upon completion of each i t e r a t i v e 
loop the values of the shower axis angle(j) and the intercept of the axis 
with a defined reference plane (situated i n the d r i f t chambers) was recorded. 
The i t e r a t i v e . process was continued vmtil the value of the intercept and 
(j> converged to approximately constant value, which usually occurred af t e r 
5 ..iterative loops. 
5 . 7 . 2 Determination of the Position of the Primary P a r t i c l e 
Having calculated from the shower data the trajectory of the 
primary positron, i t i s then necessary to refer t h i s calculated position 
to a more accurate estimate of the primary trajectory. Previously, in 
the case of the high pressure f l a s h tube chamber t h i s had been achieved 
by two orthogonally positioned layers of tubes, placed immediately in front 
of the f i r s t layer of target material. This situation was improved upon. 
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i n the pressnt detector by employing systems of d r i f t chambers and 
staggered layers of f l a s h tubes. 
The assembly of d r i f t chambers and f l a s h tubes, i s shown for 
one plane by Figure 5.21. The d r i f t chambers,designed by A.R.Hedge 
at Durham, were of a printed cathode type, the cathode wires being etched 
on each side of a copper coated printed c i r c u i t board. The etched f i e l d 
wires on each side of the board being orthogonal, such that adjacent chambers 
(one i n the X and one i n the Y plane) share the same board, resulting in-a 
simple low mass configuraton which reduces the likelihood of scattering. 
The use of 3 staggered layers, as shown i n Figure 5.21, overcomes the l e f t -
u 
right ambiguity, which with a d r i f t lencfth of 26 mm provided a sensitive 
area of 78 mm x 78 mm over which the primary position may be defined 
uniquely. 
I t was necessary not only to use the d r i f t chambers to provide 
information concerning the position of the primary, but also to determine 
the s p a t i a l resolution of the chambers using the p a r t i c l e beam. , The 
geometric requirements of these two aims were conflicting, the shower 
detector requiring the d r i f t chambers to be well separated to provide the 
maximum lever"arm, whereas the s p a t i a l resolution measurements required the 
chambers to be c l o s e l y stacked to avoid the surveying problems associated 
with a widely spaced system. The l a t t e r system was adopted, and a s p a t i a l 
resolution of +^0.25 mm was recorded, although the angular resolution of 
the system (+^2°) was. poor. 
To avoid t o t a l dependence upon the d r i f t chambers, the performance 
of which was uncertain prior to conducting the t e s t s , a system of 8 
staggered layers of f l a s h tubes, arranged in two orthogonal sets of 4 
staggered layers, were employed. These were referred to as the apex 
planes, one of which Ccin be seen i n Figure 5.21. The positron beam, 
incident upon t h i s array of f l a s h tubes was restrained by the trigger 
s c i n t i l l a t o r s to a divergence of +_ 2°, and therefore only.a limited number 
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of patterns of tube ignitions can occur J.n the apex planes. ' These .12 
patterns are given i n Figure 5,22 along with t h e i r associated s p a t i a l 
error. 
To each of these detector systems a reference plane was assigned, 
as shown i n Figure 5.21. The point of intersection of the calculated 
shower axis with these planes i s then determined and the deviations AD and 
AF for the d r i f t ohambers and.apex planes respectively obtained. I d e a l l y , 
since the f l a s h tube and d r i f t chamber assemblies have a poor angular 
resolution, the plane i n which the deviation of the shower axis i s recorded 
should be located as close as possible to the f i r s t sheet of target material 
i n which the shower apex i s situated, in which case i t might be expected 
that A_ would represent a more accurate measure of the true s p a t i a l resolu-
F 
t i o n . However, the large error, e associated with the f l a s h tube 
assembly r e s u l t s i n the deviation A^ ,^ with i t s smaller error e^, yielding 
a better estimate of the true s p a t i a l resolution of the shower counter, 
although the plane i n which A^^ i s measured i s further removed from the 
target sheet. For t h i s reason the s p a t i a l resolution of the sho'.-.'er counter 
i s defined with respect to the d r i f t chamber array, ' 
5,7,3 S p a t i a l Resolution 
The s p a t i a l resolution of the shower detector was defined as the 
FWHM of the frequency distributions of the deviations A^ ,^ Distributions 
of Aj^ were obtained for approximately 3000 events, for each combination of 
energy and target. Examples of these distributions are given i n 
Figures 5.23 and 5.24 for 1,0 and 3.0 GeV, using 1.2 R.L. lead. 
The dependence of the s p a t i a l resolution upon the primary energy 
and target thickness i s given i n Figures 5.25 and 5,26. The s p a t i a l 
resolution i s seen to improve rapidly with increasing energy for a l l target 
thickness, up to approximately 2.0 GeV, after which i t plateaus. This 
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plateauing i s thought to.be due to the poor individual electron 
s e n s i t i v i t y of the f l a s h tubes. Hence, although the density of p a r t i c l e s , 
and therefore the information obtainable near the core of the shower 
increases with primary energy, the number of flashing tubes remains 
approximately the same resulting i n no further improvement of the resolu-
tion-. A best resolution of approximately 11 mm (FWHM) was obtained using 
Oo6 R o L . lead target, for energies of 2 . 0 GeV and above. 
The improvement obtained using two sampling layers of tubes can 
be seen fromTable ;5 .7 which shows the s p a t i a l resolutions obtained using . 
one and two layers of tubes in each sampling plane. I t can be seen that 
i n a l l cases the resolution i s improved, however the improvement i s by l e s s 
than the factor which may be expected by sampling the shower twice. 
Unlike the energy resolution, the s p a t i a l resolution i s expected 
to be l e s s sensitive to the shower escaping from the rear of the detector. 
To investigate t h i s dependence the analysis programme was run on 3 sets- of 
data, 0 , 6 , 1 . 2 and 1 . 8 radiation lengths of lead at 3 . 5 GeV. In the 
analysis the rearmost modules were successively "masked" so as to contribute 
no' information to the f i t t i n g routine. The r e s u l t s are given i n Table 5 . 8 
and Figure 5o27o I t can be seen that beyond 60% shower containment, very 
l i t t l e improvement i s obtained. This i s due to the r e l a t i v e l y s l i g h t 
contribution of the rearmost modules to the f i t t i n g routine owing to the 
uncertainty associated with the data obtained from the rear of the shower. 
This dependence of resolution upon containment may be of importance i n 
designing a detector for a s p e c i f i c requirement. 
5 o 7 o 4 Angular Resolution 
In c a lculating the angular resolution the assumption i s made that 
the primary positrons are a l l incident normally upon the f i r s t sampling 
plane of the shower detector. This i s not s t r i c t l y true, since the 
TABLE 5 . 7 : Spatial and Angular Resolution using One and Two Layers 
of Flash Tubes 
Target Energy Spatial Resolution (mm), Angular Resolution (deg) 
R.L.Pb GeV 1 Layer 2 Layers 1 Layer 2 Layers 
0 . 5 1 8 , 3 1 6 , 2 4 . 8 4 . 1 
1 . 0 1 6 , 5 1 4 , 1 3 . 0 2 . 6 
1 . 5 1 4 . 4 1 2 . 0 2 . 6 2 . 3 
0 . 6 2 . 0 1 4 , 3 9 . 8 2 , 2 2 . 0 
• 
2 . 5 1 3 . 8 1 1 . 6 2 . 6 2 . 5 
3 , 0 1 4 . 4 1 1 . 8 . 2 . 2 1 . 9 
3 . 5 1 3 . 3 1 1 . 3 2 , 0 1 . 8 
0 , 5 2 0 . 2 2 0 , 2 7o4 , 6 , 1 
1 , 0 1 8 , 6 ~ 1 6 , 4 4 . 5 3 . 8 
1'.5 14". 9 , 1 3 . 6 3 . 9 3 . 2 
1 . 2 2 , 0 1 6 , 3 1 3 . 6 3 . 4 2 . 9 
2 , 5 1 5 , 5 1 3 , 1 3 . 2 2 . 8 
. 3 , 0 1 5 . 0 1 5 . 5 3 . 5 . 2 . 9 . 
3 , 5 1 8 . 5 1 7 , 9 3 . 6 3 . 1 
0 . 5 2 8 , 8 2 7 . 2 1 3 . 1 1 0 , 5 
1 . 0 1 9 . 9 1 8 . 3 . 9 , 1 7 . 4 
1 , 5 1 7 , 0 1 5 . 5 7 . 2 5 . 9 
1 . 8 2 . 0 2 0 , 5 1 6 . 4 . 6 . 8 5 , 3 
2 , 5 1 7 , 8 1 6 . 5 6 . 2 5 , 1 
3 , 0 1 7 , 7 1 5 , 9 6 . 0 4 . 8 
3 , 5 1 6 , 7 1 6 . 2 5 . 2 4 . 2 
TABLE 5.8 : Dependence of Spatial and Ang\ilar Resolution Upon Shower 
Containment. 
Absorber 
Thickness 
(RL) 
Number of 
Modules 
used i n 
Analysis 
Percentage of 
Shower 
Contained 
Within 
Detector 
Spatial Resolution 
(mm) 
Angular Resolution 
(Deg.) 
X Planes Y Planes X Planes Y Planes 
11. 77.6 11.35 11.11 1.79 1,83 
10 72.3 11.17 11.26 1.97 1.87 
9 66.1 11.24 11.40 1.83 1.93 
0.6 Radiation 8 58.8 11.45 • 11.50 1.91 2.04 
Lengths Lead 7 50.2 11.74 11.71 2.04 2.25 
3.5 GeV 6 40.6 12.10 . 12.71 2.19 2.59 5 30.7 12.42 14.66 2.67 3.03 
. 4 20.8 13.70 14.34 3.34 3.98 
3 12.0 16.54 15.77 5.03 5.60 
2 5.4 20.15 17.47 9.26 10.08 
11 97.5 15.57 17.97 ' 2.97 3.10 
10 95.0 15.47 18.39 2.98 3.20 
9 90.2 15.50 18.33 3.05 3.26 
1.2 Radiation . 8 88.5 15.61 17.96 . 3.09 .3.36 Lengths Lead 7 83.0 15.67 17.92 3.19 3.42 
3.5 GeV • 6 75.0 15.60 18.14 3.35 3.50 
5 65.0 15.71 18.39 3.55 3.69 
4 51.0 15.76 18.85 4.04 4.52 
3 33.0 17.49 20.41 5.35 6.07 
2 16.0 21.35 20.79 9.31 10.45 
11 100,0 15.18 16.56 - 3.29 3.84 
10 99.7 14.91 16.63 3.34 3.94 
9 98.5 15.63 16.43 3.51 3.98 
1.8 Radiation 8 97.5 15.45 16.09 3.54 4.13 
Lengths Le^d 7 95.0 15.53 16.02 3.63 4.22 
3.5 GeV 6 91.0 14.64 16.33 3.67 4.35 
5 84.0 14.94 16.52 3.70 4.49 
4 72.0 16.02 15.58 4.08 4.77 
3 55.0 17.46 16.56 5.19 6.14 
2 31.0 21.61 17.55 9.10 9.85 
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s c i n t i l l a t o r telescope only r e s t r i c t s the primary positrons to within 
o 
+ 2 of the normal. Having obtained the equation of the calculated 
shower a x i s , the angular deviation of the shower axis from the normal i s 
calculated. The FWHM of the frequency distribution of these angular 
deviations for some 3 0 0 0 events i s defined as the angular resolution. 
Distributions were obtained for a l l combinations of target and primary 
energy, examples of t y p i c a l distributions obtained are given i n Figure 5 , 2 8 , 
The dependence of the angular resolution upon primary energy and target 
thickness i s shown i n Figure 5 . 2 9 ; the data has been corrected for the 
o 
+_ 2 uncertainty i n the beam angle. The behaviour i s very similar to 
that of the s p a t i a l resolution, the resolution plateauing beyond 2 , 0 GeV, 
due to the individual electron s e n s i t i v i t y of the ti±ies, A best angular 
resolution of 2 ° (FWHM) i s obtained beyond 2 . 0 GeV using 0 , 6 R>L, lead. 
The e f f e c t of using one and two layers of fla s h tubes in a sampling 
plcine i s shown inTablfe 5 . 7 as with the s p a t i a l resolution an improvement 
° 1/ 
i s obtained using two sampling layers, although l e s s than the factor 
which may be expected. 
From Figure 5 , 3 0 and Table 5 . 8 , i t can be seen that containment 
beyond 60% r e s u l t s i n l i t t l e improvement of the angular resolution in agree-
ment with the behaviour of the s p a t i a l resolution. 
5 . 8 OPERATION OF THE DETECTOR AT HIGH EVENT RATES 
One of the problems which prevented the operation of the high 
pressure f l a s h tube chamber at high rates was the decrease of the d i g i t i s a -
tion piilse height with increasing event rate, such that i t f e l l below the 
4 V threshold required to set the memory logic latches. This i s due to 
the presence of induced f i e l d s which oppose the applied HT pulse, resulting 
i n a f a l l i n e f f i c i e n c y of the tube. Tests conducted upon the low-pressure 
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f l a s h tubes u s i n g a RU 1 0 5 source, a t an event r a t e of 5 0 sec ^, showed 
t h a t even f o r a p p l i e d f i e l d s a s low ate 3 . 7 5 kV/Cm, the d i g i t i s a t i o n p u l s e 
h e i g h t remains w e l l above the t h r e s h o l d r e q u i r e d to s e t the memory l o g i c 
l a t c h e s , as can be seen i n F i g u r e 5 . 5 . 
I f the d e t e c t o r i s to operate s u c c e s s f u l l y i n an environment of 
high background r a d i a t i o n a t a high event r a t e , i t i s nec e s s a r y t h a t the 
e f f i c i e n c y , s e n s i t i v e and r e c o v e r y times, are un a f f e c t e d by operation a t 
high r a t e s o The behaviour o f these q u a n t i t i e s w i t h changing event r a t e s 
were i n v e s t i g a t e d and the r e s u l t s given below. 
5 . 8 . 1 E f f e c t o f Rate on E f f i c i e n c y 
I n the manner d e s c r i b e d i n s e c t i o n 5 , 4 . 1 , e f f i c i e n c y measurements 
were c a r r i e d out f o r a number of event r a t e s up to 5 0 s e c ^. 
S i n c e i t i s known t h a t the e f f e c t o f the induced f i e l d i n c r e a s e s 
r a p i d l y w i t h r a t e , i t was decided to operate the d e t e c t o r f u r t h e r above 
the knee of the high v o l t a g e p l a t e a u , e n s u r i n g t h a t the opposing induced 
f i e l d d i d not r e s u l t i n too premature a f a l l i n the e f f i c i e n c y . A l so, 
s i n c e the magnitude o f the induced f i e l d depends upon the length o f the 
high v o l t a g e p u l s e the measurements were repeated f o r two p u l s e l e n g t h s . 
F i g u r e 5 o 3 l shows the averaged e f f i c i e n c i e s f o r the X and Y modules f o r two 
a p p l i e d p u l s e l e n g t h s . I t can be seen t h a t t h e r e i s a d i s t i n c t d i f f e r e n c e 
i n the behaviour o f the X and Y modules. For both p u l s e lengths the Y 
modules r a p i d l y become sp u r i o u s above an event r a t e o f 1 0 sec ^. However, 
f o r the 2 ys p u l s e , the e f f i c i e n c i e s o f the X planes a f t e r an i n i t i a l 
i n c r e a s e i n s p u r i o u s n e s s begins to f a l l , presumably by the backing o f f of 
the a p p l i e d f i e l d by the induced f i e l d . The use of the longer high voltage 
p u l s e c a u s e s the X p l a n e s t o behave i n a s i m i l a r manner to the Y p l a n e s , 
becoming p r o g r e s s i v e l y more spurious w i t h event r a t e . I t i s c l e a r from 
the s e r e s u l t s t h a t the l a r g e diameter f l a s h tubes are unexpectedly s e n s i t i v e 
to the e f f e c t , o f induced f i e l d s , behaving . i n a manner s i m i l a r to t h a t o f 
the. high;;pressure tubes. 
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F i g u r e 5 . 7 , which shows the response o f the i n d i v i d u a l modules 
a t event r a t e s o f 0 . 9 and 5 0 events sec ^ , u s i n g a p u l s e of 4 . 7 5 kV/Cm 
of d u r a t i o n 2 y s , e x h i b i t s the same s t r i k i n g . d i f f e r e n c e between the X 
and Y p l a n e s . The Y p l a n e s , almost without exception, become t o t a l l y 
s p u r i o u s a t high r a t e s , however the X planes f a l l i n t o two d i s t i n c t 
c a t e g o r i e s , one sp u r i o u s and one i n e f f i c i e n t . 
to 
T h i s behaviour i s c l e a r l y d u e . f i e l d s caused by charge deposited 
1 
upon t h e i n n e r w a l l s o f the f l a s h tube, however an explanation o f the 
d i f f e r e n c e i n behaviour o f the X and Y p l a n e s i s d i f f i c u l t . Care was 
takon to ensure no p r e f e r e n t i a l p o s i t i o n i n g o f a p a r t i c u l a r tube production 
b a t c h w i t h i n the d e t e c t o r , f u r t h e r , exchanging tlie X and Y tubes produced 
no change i n the behaviour o f the modules i n d i c a t i n g t h a t the cause i s 
a s s o c i a t e d w i t h some d i f f e r e n c e i n the X and Y modules. Adjacent X and 
Y p l a n e s shared the same high-voltage p u l s e source, hence any f a u l t i n 
the p u l s e forming network would cause a s i m i l a r response i n adja c e n t X-Y 
p l a n e s ; t h i s was not observed, a l s o the p u l s e shapes i n adja c e n t X-Y 
modules were seen to be i d e n t i c a l o A d i f f e r e n c e i n the e l e c t r o d e separation, 
w i l l r e s u l t i n a change i n the a p p l i e d f i e l d , 1 mm d i f f e r e n c e corresponding 
to approximately 0 . 5 kV/Cm charge i n f i e l d s t r e n g t h . A l l shower modules 
were manufactured to the same t o l e r a n c e s and were e s s e n t i a l l y i d e n t i c a l . 
However, s i n c e the X and Y modules were manufactured i n two separate 
p r o d u c t i o n b a t c h e s , i t is> p o s s i b l e t h a t such a v a r i a t i o n d i d e x i s t . 
5 . 8 . 2 E f f e c t o f Rate on S e n s i t i v e Time 
The s e n s i t i v e time was measured i n the same manner as d e s c r i b e d 
i n s e c t i o n 5 . 4 . 2 , f o r two event r a t e s of 0 . 5 and 5 events sec ^ . The 
r e s u l t s a r e shown i n F i g u r e 5 o 9 . During data a c q u i s i t i o n , a 1 0 0 Hz, 
+ 3 0 V square wave c l e a r i n g f i e l d was a p p l i e d a c r o s s the tubes. I t can 
be seen t h a t a f a c t o r of 1 0 i n c r e a s e i n event r a t e produces a 4 0 % incrp.ase 
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i n s e n s i t i v e time. 
The s e n s i t i v e time o f the f l a s h tube i s determined by the a b i l i t y 
o f the primary i o n i s a t i o n to remain f r e e w i t h i n the volume of the gas. 
T h i s i s i n f l u e n c e d by a number of f a c t o r s , p r i n c i p a l l y recombination and 
d r i f t , under the i n f l u e n c e o f f i e l d s to the tube w a l l s . I t i s expected 
t h a t due to the i n c r e a s e d induced f i e l d a c r o s s the f l a s h tube a t high 
r a t e s , t h e l o s s o f primary i o n i s a t i o n due to d r i f t i n g to the tube w a l l s 
would a l s o i n c r e a s e , r e s u l t i n g i n a r e d u c t i o n o f the s e n s i t i v e time„ Since 
the r e v e r s e tendency i s observed i t i s suggested t h a t the i n c r e a s e i n 
apparent, s e n s i t i v e time i s not due to the primary i o n i s a t i o n rtimaining 
i n t h e gas volume, but due to a secondary charge production mechanism, 
r e s u l t i n g from the presence o f the high induced f i e l d s . 
5.8.3 E f f e c t o f Rate on Recovery Time' 
The r e c o v e r y time was' measured f o r 5 r a t e s between 1 and 20 
events s e c ^ w i t h an a p p l i e d f i e l d o f 4.75 kV/Cm, length 2 y s , using the 
technique d e s c r i b e d i n s e c t i o n 5.4.3, The r e s u l t s are shown i n F i g u r e 5 . 3 2 , 
A f t e r a .steep i n i t i a l r i s e the curve p l a t e a u s and s t a r t s to f a l l . The, 
reason for. t h i s f a l l i s thought to be due to the r e d u c t i o n o f the e f f e c t i v e 
a p p l i e d H.T. f i e l d by the induced f i e l d . Although care was taken to ensure 
t h a t the 2nd a p p l i e d p u l s e would produce a f i e l d of 4.75 kv/Cm, to ensure a 
normal e f f i c i e n c y , the e f f e c t i v e a p p l i e d f i e l d was f a r l e s s . For example, 
assuming a decay c o n s t a n t of 3.0 sec f o r the .induced f i e l d and aissuming an 
a p p l i e d f i e l d o f 4.75 kV/Cm, the s t r e n g t h o f the induced f i e l d , a f t e r 50 ms 
(corresponding to the p e r i o d a s s o c i a t e d w i t h an event r a t e of 20 sec ^) w i l l 
be approximately 1 . 1 kV/Cm g i v i n g an e f f e c t i v e a p p l i e d f i e l d of 3.65 kV/Cm, 
which i s below the f i e l d s t r e n g t h r e q u i r e d f o r maximum e f f i c i e n c y . T h i s 
c a l c u l a t i o n i s o n l y intended t o i l l u s t r a t e the problem which i s more complex 
i n v o l v i n g a dynamic e q u i l i b r i u m o f many f a c t o r s . 
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lt i s suggested t h a t the r i s e i n the recovery time with event 
r a t e s i s due to the same secondary charge production process which 
i n f l u e n c e d the s e n s i t i v e time. 
5.8.4 E f f e c t o f Rate on Energy and S p a t i a l R e s o l u t i o n . 
The methods employed i n the measurement of energy and p o s i t i o n 
r e q u i r e t h a t the d e t e c t o r responds uniformly t o the changing parameters 
of the e l e c t r o m a g n e t i c shower. I t i s to be expected t h a t should t h i s 
response a l s o depend upon the event r a t e o f the d e t e c t o r , i t would completely 
i n v a l i d a t e any attempt to measure the primary energy and p o s i t i o n . 
F i g u r e 5.33 shows the mean number o f tubes i g n i t i n g as a f u n c t i o n 
of event r a t e f o r 1„0 GeV primary energy and 0.6 r a d i a t i o n lengths of t a r g e t . 
I t can be seen t h a t the mean number of tubes i g n i t i n g i n c r e a s e s d r a m a t i c a l l y 
above ah event r a t e o f 10 s e c ^. T h i s i s due to a mechanism, as y e t not 
f u l l y understood but a s s o c i a t e d w i t h the induced f i e l d , which i s r e s p o n s i b l e 
f o r the presence o f f r e e charge i n the gas, r e s u l t i n g i n spurious f l a s h i n g . ' 
The f a l l o f the curve beyond a r a t e o f 40 sec ^ i s due to the almost complete 
backing o f f o f the a p p l i e d f i e l d by the induced f i e l d . Such a dependence 
on event rate, would make i t i m p o s s i b l e to measure energy by the p r e s e n t 
method. 
The dependence of s p a t i a l and angular r e s o l u t i o n upon event r a t e 
i s shown f o r 1 GeV and 0.6 r a d i a t i o n l e ngths o f l e a d t a r g e t i n F i g u r e 5.34. 
I t appears t h a t the r e s o l u t i o n v a r i e s v e r y l i t t l e w i t h r a t e , however t h i s 
i s due t o the f a c t t h a t the spurious f l a s h i n g tubes are l o c a t e d along the 
a x i s o f the shower, which v a r i e s l i t t l e w i t h s u c c e s s i v e events, and r e s u l t s 
i n an enhancement o f the d i s t r i b u t i o n of f l a s h i n g tubes i n each sampling 
p l a n e . Should the primary p o s i t r o n be i n c i d e n t over a l a r g e r a r e a and a 
wider range of i n c i d e n t angle, i t i s expected t h a t the s p a t i a l and angular 
r e s o l u t i o n would d e t e r i o r a t e a p p r e c i a b l y . 
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5.9 DISCUSSION 
The p r i n c i p a l aim i n d e s i g n i n g the low p r e s s u r e f l a s h tube 
chamber was to demonstrate t h a t such a d e t e c t o r could o f f e r an energy 
and s p a t i a l r e s o l u t i o n comparable to t h a t obtained u s i n g high p r e s s u r e 
f l a s h tubes, and f u r t h e r , t h a t such a d e t e c t o r could operate a t event 
r a t e s r e q u i r e d by t y p i c a l HEP a c c e l e r a t o r based experiments. 
The f i r s t o f t h e s e o b j e c t i v e s has been achieved. The d e t e c t o r 
has been shown to work s u c c e s s f u l l y i n a high background environment such 
as e x p e r i e n c e d on a c c e l e r a t o r s . An energy r e s o l u t i o n of 33% obtained a t 
l o 5 GeV u s i n g 0.6 r a d i a t i o n l e n g t h s of t a r g e t compares w e l l w i t h the 
r e s o l u t i o n o f 43% obtained w i t h the high p r e s s u r e f l a s h ti±>e chamber. The 
energy r e s o l u t i o n i s seen to f o l l o w a /E dependence a s expected and had 
i t been p o s s i b l e to c o n t a i n the shower completely a t high e n e r g i e s , using 
0.6 r a d i a t i o n l e n g t h s o f t a r g e t , the f i g u r e o f 33% i s expected t o be improved 
o 
upon. S p a t i a l and a n g u l a r r e s o l u t i o i ^ s o f 11 mm and 2 (FWHM) r e s p e c t i v e l y 
were a c h i e v e d , compared v;ith 5 mm and 4° obtained w i t h the high p r e s s u r e 
f l a s h tube chamber. Both the energy and s p a t i a l r e s o l u t i o n s are seen,to 
be i n f l u e n c e d a t high e n e r g i e s , by the i n a b i l i t y of the f l a s h tube to r e s o l v e 
i n d i v i d u a l p a r t i c l e s i n dense showers, due to the width o f the tube. I t 
has been shown t h a t good energy r e s o l u t i o n r e q u i r e s almost t o t a l containment 
of the shower, whereas l i t t l e improvement i n s p a t i a l and angular r e s o l u t i o n 
i s a c h i e v e d beyond 60% containment. These would be important c o n s i d e r a t i o n s 
i n the d e s i g n of a f u t u r e d e t e c t o r . 
The second o b j e c t i v e ^ to operate the chamber a t high event r a t e s , 
produced unexpected r e s u l t s i n the l i g h t o f the experience of previous 
w o r k e r s T h e low p r e s s u r e tubes, chosen because of t h e i r r e l a t i v e 
i n s e n s i t i v i t y to the e f f e c t o f induced c l e a r i n g f i e l d s a t high r a t e , were 
seen to become s p u r i o u s or i n e f f i c i e n t a t r a t e s i n excess of a few per 
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second, i n a s i m i l a r manner as the high p r e s s u r e tubes. 
The p r i n c i p i s h d i f f e r e n c e between the p r e s e n t tubes and those 
operated by e a r l i e r workers a t r a t e s o f 50 sec ^ , i s t h a t the former 
tubes were p a i n t e d and the l a t t e r s l e e v e d i n t h i n PVC tubing. I t has 
(2) 
been subsequently shown t h a t p a i n t i n g the tube i n c r e a s e s the r e s i s t i v i t y 
o f the o u t e r s u r f a c e which has been shown to co n s i d e r a b l y enhance the e f f e c t 
o f the induced f i e l d . I t i s q u i t e probable t h a t the slee v e d tubes, a t 
the time o f t h e i r use, e x h i b i t e d a much lower e x t e r n a l s u r f a c e r e s i s t a n c e , 
which would e x p l a i n t h e i r s u c c e s s f u l o p e r a t i o n a t a r a t e o f 50 cec ^ , 
The o r i g i n a l s l e e v e d tubes were operated i n the pre s e n t detector 
using,, i d e n t i c a l H.T. p u l s e c h a r a c t e r i s t i c s as used f o r t h e i r e a r l i e r 
operation5 these tubes were seen to behave i n the same manner as the painted 
tubes. T h i s , however, i s not a f a i r t e s t , s i n c e the tubes had been s t o r e d 
i n a warm dry atmosphere f o r 3 y e a r s , which would r e s u l t i n an i n c r e a s e i n 
the o u t e r s u r f a c e r e s i s t a n c e . 
AltJiough the mechanism by which the i n t e r n a l f i e l d s are produced, 
and the manner by which they reduce the e f f i c i e n c y are w e l l underr-
stood '^''^ ' ' ^ , a s a t i s f a c t o r y e x p l a n a t i o n o f the mechanism by which f r e e 
charge i s made a v a i l a b l e to the gas volume has y e t ' t o be given. Many 
p r o c e s s e s may produce f r e e charge i n an e l e c t r i c f i e l d of the magnitude 
o f the induced f i e l d . The f o l l o w i n g phenomena, f i r s t observed by 
Francis^'''"^^ i s suggested as the most l i k e l y cause. I t has been found 
t h a t charges r e s i d i n g on the s i i r f a c e o f g l a s s i n s u l a t o r s may be e a s i l y 
removed from the s u r f a c e by the a p p l i c a t i o n of DC e l e c t r i c f i e l d s o f l e s s 
than 1 kV/Cm. The phenomena was observed w h i l s t studying d i s c h a r g e s i n 
neon, contained i n a soda g l a s s tube, a s i m i l a r c o n f i g u r a t i o n to t h a t of the 
f l a s h tube. The charges r e s i d i n g on the s u r f a c e were c o n c l u s i v e l y shown 
- S o -
to be r e s p o n s i b l e f o r the f r e e charge i n the gas, which r e s u l t e d i n 
s p u r i o u s d i s c h a r g e s . 
F i e l d s o f the order of 1 kV/Cm have been seen to e x i s t i n s i d e the 
f l a s h tvibe f o r long p e r i o d s a f t e r the tube has i g n i t e d . T h e r e f o r e , 
under the i n f l u e n c e o f t h e i r own e l e c t r i c f i e l d the charges are removed 
from the w a l l , r e s u l t i n g i n the tube f l a s h i n g s p u r i o u s l y upon a p p l i c a t i o n 
o f the next H.T. p u l s e . 
I f f l a s h ' tubes are to be operated s u c c e s s f u l l y a t an event r a t e 
which s a t i s f i e s the requirements o f the t y p i c a l a c c e l e r a t o r based experiment, 
the f a c t o r s i n f l u e n c i n g the formation and decay o f the induced f i e l d must 
be f u l l y understood. I n v e s t i g a t i o n s to t h i s e f f e c t are d e s c r i b e d i n the 
f o l l o w i n g c h a p t e r . 
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CHAPTER SIX 
A STUDY OF THE FLASH TUBE DISCHARGE MECHANISMS 
AND FACTORS IITFLUENCING THE INDUCED FIELD 
6.1 INTRODUCTION 
I n the l i g h t o f the unexpected r e s u l t s obtained w h i l s t 
o p e r a t i n g the low p r e s s u r e f l a s h tubes a t high event r a t e s , i t i s c l e a r 
t h a t f u r t h e r i n v e s t i g a t i o n i n t o the d i s c h a r g e mechanism of the tube i s 
n e c e s s a r y i f a s o l u t i o n to the problems of the induced f i e l d i s to be 
found. 
A novel approach has been made i n attempting to imderstand the 
d i s c h a r g e mechanisms, by studying the behaviour of the d i g i t i s a t i o n p u l s e 
linder v a r i o u s o p e r a t i n g c o n d i t i o n s . Because o f the manner i n which the 
d i g i t i s a t i o n p u l s e i s formed, t h i s method i s p a r t i c u l a r l y s e n s i t i v e to the 
plasma d e n s i t y i n the tube, which has a b e a r i n g upon the r e s u l t a n t i n t e r n a l 
f i e l d , and may be used to estimate the p r o p e r t i e s of t h i s f i e l d . 
The s i g n i f i c a n c e of the o u t e r s u r f a c e r e s i s t a n c e , which i s the 
most probable e x p l a n a t i o n of the f a i l u r e of the p r e s e n t low p r e s s u r e tubes 
to operate a t the high r a t e s obtained by p r e v i o u s workers has a l s o been 
i n v e s t i g a t e d . T h i s was achieved by o b s e r v i n g the behaviour of the s e n s i t i v e 
(2) 
time, which i s f i e l d dependent , as the outer s u r f a c e r e s i s t a n c e of the 
tube was changed. 
The behaviour of the s e n s i t i v e time was a l s o used to i n v e s t i g a t e the 
dependence of the magnitude of the induced f i e l d upon the a p p l i e d HT p u l s e 
parameters, such as p u l s e l e n g t h and frequency of an o s c i l l a t i n g HT p u l s e . 
The r e s u l t s o f t h e s e i n v e s t i g a t i o n s are presented below. 
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6,2 THE FLASH TUBE DISCHARGE MECFIANISM FROM A STUDY OF THE 
DIGITISATION PULSE 
A study o f the d i g i t i s a t i o n p u l s e may appear to be a r a t h e r 
i n d i r e c t method o f i n v e s t i g a t i n g the discharge mechanisms o c c u r r i n g 
i n s i d e the f l a s h tube. However, s i n c e the d i g i t i s a t i o n pulse i s formed 
by a c a p a c i t i v e c o u p l i n g o f the d i g i t i s a t i o n probe to the HT e l e c t r o d e 
by way o f t h e gas plasma, the technique i s expected to be p a r t i c u l a r l y 
s e n s i t i v e t o the changing plasma c o n d i t i o n s and hence the discharge. • 
mechanisms o c c u r r i n g i n the tube. 
6,2,1 The Discharge Mechanisms 
(a) THE TOWNSENU MECHANISM : An e n e r g e t i c charged p a r t i c l e , 
t r a v e r s i n g a gas w i l l l o s e energy by e x c i t a t i o n ernd i o n i s a t i o n of the 
gas molecules, r e s u l t i n g i n a t r a i l o f i o n i s a t i o n along i t s path. The 
t o t a l amount o f i o n i s a t i c n d i s t r i b u t e d along the t r a c k may be found from 
the f o l l o w i n g r e l a t i o n , 
dE/dX 
•"total V 
o , 
I 
where: t o t a l ~ t o t a l nimber o f ion p a i r s c r e a t e d per u n i t length of path. 
dE/dX = energy l o s s by primary p a r t i c l e per u n i t length of path 
(eV/Cm) . 
V^ = average energy to c r e a t e one io n p a i r (eV). 
For example, a p a r t i c l e i n neon a t atmospheric p r e s s u r e i s expected 
to l i b e r a t e on average some 37 io n pairs/Cm o f path. Upon a p p l i c a t i o n o f cin 
e l e c t r i c f i f e l d t h e s e primary i o n s w i l l a c c e l e r a t e towards t h e i r r e s p e c t i v e 
e l e c t r o d e s . I f s u f f i c i e n t energy i s gained then c o l l i s i o n s between the • 
gas atoms and the e l e c t r o n s w i l l l i b e r a t e f u r t h e r e l e c t r o n s , which i n t u r n 
a c c e l e r a t e and r e s u l t i n f u r t h e r i o n i s a t i o n . I n t h i s manner m u l t i p l i c a t i o n 
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o c c u r s and an avalanche i s r a p i d l y b u i l t up. The e l e c t r o n s w i l l 
t r a v e l r a p i d l y (-v 10^ Cm,Sec ^) towards the anode, w h i l s t the more 
massive p o s i t i v e i o n s move more s l o w l y {'^ 10^ Cm.sec ^) towards the 
cathode, 
The number o f e l e c t r o n s produced by an e l e c t r o n i n moving a 
d i s t a n c e dx i s given by 
dn = adx 
where a i s the f i r s t Townsend i o n i s a t i o n c o e f f i c i e n t . Hence the number 
of e l e c t r o n s produced i n l e n g t h x, by one e l e c t r o n i s given by 
n = exp (ax) 
I n t h i s manner the number o f e l e c t r o n s i n c r e a s e s e x p o n e n t i a l l y 
as the avalanche c r o s s e s the t\±>e, and i n the case of. the f l a s h tube, 
t e r m i n a t e s on the anode w a l l . The a r r i v a l o f the p o s i t i v e i o n s a t the 
cathode w a l l r e s u l t s i n the r e l e a s e of f u r t h e r e l e c t r o n s , which i n t u r n 
w i l l avalanche a c r o s s the gas volume. 
The d i s c h a r g e i n the f l a s h tube i s not l i m i t e d to the immediate 
volume t r a v e r s e d by the i o n i s i n g p a r t i c l e . Photo e l e c t r o n s produced i n the 
i n i t i a l avalanche w i l l r e s u l t i n f u r t h e r charge production, p r i n c i p a l l y by 
c o l l i s i o n w i t h the g l a s s w a l l s remote from the i n i t i a l avalanche. These 
photo e l e c t r o n s produced a t the cathode w i l l w i l l r e s u l t i n f u r t h e r 
a v a l a n c h e s , and i n ' t h i s manner the d i s c h a r g e w i l l propagate down the l e n g t h 
(2) 
o f the tube a t approximately 0.24 Cm/n.sec 
The i n c r e a s i n g number of e l e c t r o n s and p o s i t i v e i o n s . d e p o s i t e d on 
the anode and cathode w a l l s w i l l r e s u l t i n an induced e l e c t r i c f i e l d 
opposing the a p p l i e d HT f i e l d . I n t h i s manner the e f f e c t i v e HT f i e l d a c r o s s 
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the gas w i l l decrease u n t i l a stage i s reached where the f i e l d w i l l no 
longer m a i n t a i n s u f f i c i e n t m u l t i p l i c a t i o n and the discharge i s s e l f 
quenched, 
(b) THE STREAMER MECHANISM :. When higher e l e c t r i c f i e l d s a r e 
a p p l i e d a c r o s s the gas a second phenomena, the streamer e f f e c t , w i l l occur. 
Some doubt e x i s t s a s to the e x a c t mechanisms by which the streamer i s 
formed and only a simple model w i l l be pre s e n t e d here. 
When the number of io n p a i r s produced i n the Townsend discharge 
6 
rea c h e s approximately 10 , the space charge e f f e c t caused by the sep a r a t i n g 
clouds o f e l e c t r o n s and p o s i t i v e i o n s becomes s i g n i f i c a n t , and the e l e c t r o n 
avalanche begins to slow down due to the a t t r a c t i o n o f the p o s i t i v e i o n s . 
Raether^^^ suggested t h a t the c r i t e r i o n f o r the t r a n s i t i o n of an 
avalanche to a streamer i s given by 
a x = 2 0 c 
where : x = the c r i t i c a l l e n g t h o f the avalanche, c 
8 
Th i s , c o n d i t i o n i s r e p r e s e n t e d by some 10 ion p a i r s , by which the 
a p p l i e d f i e l d i s e f f e c t i v e l y n e u t r a l i s e d by the space charge d i p o l e , and 
charge recombination s t a r t s to occur. T h i s r e s u l t s i n the i s o t r o p i c 
p r o d u c t i o n o f UV photons, which i o n i s e molecules o u t s i d e the region o f the 
primary avalanche. Those i o n s produced i n t h i s manner, a t the head and 
t a i l o f the avalanche, w i l l experience an enhanced f i e l d due to the presence 
o f the e l e c t r o n and p o s i t i v e i o n clouds, and w i l l r a p i d l y form new avalanches,, 
and the p r o c e s s c o n t i n u e s . Those i o n s produced a t the s i d e s o f the avalcinche:. 
w i l l encounter a reduced f i e l d and c o n t r i b u t e l i t t l e to f u r t h e r m u l t i p l i c a t i o n - : 
The new avalanches produced a t the head and t a i l o f the o r i g i n a l 
avalanche w i l l merge w i t h i t forming the streamer which advances towards the 
8 - 1 
cathode and anode a t about 10 Cm, sec , The streamer w i l l be seen as a 
-Se-
b r i g h t filament of highly ionised gas surrounded by a dark region where 
l i t t l e m u l t i p l i c a t i o n occurs. 
The int e r a c t i o n of photons with the cathode wall w i l l produce 
further avalanches along the length of the tube, wliich may also develop 
i n t o streamers. Eventually, as with the Townsend mechanism, the discharge 
i s self-quenchedo 
Figure 6.1' shows_both Townsend and streamer avalanches occurring 
i n a f l a s h tube f i l l e d w ith Ne:He (98:2) at 600 t o r r . For high f i e l d s 
of 6o4 kVoCm ^ (Figure 6,1 (a) ) the b r i g h t filaments of the streamers, 
interspaced with dark low f i e l d areas where l i t t l e m u l t i p l i c a t i o n takes 
place, can be c l e a r l y seen. At the lower f i e l d of 3.6 kV.Cm the 
tube i s f i l l e d with a diffuse glow, which i s due to the Townsend mechanism 
alone, 
6.2,2 Experimental Technique 
The d i g i t i s a t i o n of flash tubes by the use of an external probe 
was f i r s t introduced by Ayre^^^, The magnitude of the d i g i t i s a t i o n 
pulse depends upon the plasma density and the magnitude of the HT pulse at 
the time of formation of the plasma. I t i s expected, therefore, that the 
size and shape of the d i g i t i s a t i o n pulse w i l l depend upon the dischairge 
mechanism of the fl a s h tube. 
The experimental arrangement i s shown i n Figure 6.2. The flafjh 
tube to be studied was placed with i t s plane end i n contact with the head 
of the d i g i t i s a t i o n probe, which was held to ground by a 5.7 k resistor 
chain, across which the d i g i t i s a t i o n pulse appeared. Single ionising B 
pa r t i c l e s were selected from a 1 m Ci RU 106 source by means of a twofold 
coincidence of the s c i n t i l l a t o r s and S^ . Upon obtaining a coincidence 
the l o g i c was paralysed against further coincidences for a period of time 
which depended upon the event rate at which i t was wished to operate. The 
FIGURE 6.1 THE FLASH TUBE DISCHARGE UNDER TWO 
DIFFERENT APPLIED FIELD STREiNGTHS 
(a) 
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(b) 
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high voltage thyratron pulser was then triggered, discharging a 3000 pf 
capacitor through a 3,3 k re s i s t o r , resulting i n a pulse of rise time 
60 ns, and RC decay time of about 10 ps, appearing on the HT electrode. 
The tubes under investigation were coated i n a t h i n layer of 
white enamel paint to reduce the effects of water vapour contaminating 
the outer surface of the tube, which i s knovm to influence the induced 
f i e l d s occurring i n the tube (see section 6,3.3). Three gas mixtures, 
t y p i c a l l y used i n f l a s h tubes, were investigated. These were Ne: He 
(70:30), Ne:He (98:2) and Ne:He (70:30)+ 1% CH^ ; these w i l l be referred 
to as gas types I , I I and I I I respectively. The characteristics of the 
tubes are given i n Table 6.1. 
TABLE 6.1 : Characteristics of the Tubes 
Glass 
Type 
Diameter 
Inte r n a l 
(mm) 
External 
Pressure 
(Torr). 
Gas 
Type I 
Composition 
Type I I 
(%) 
Type I I I 
S95 
Soda 
Glass 
16 
I 
18 600 
Ne:He 
70:30 
Ne:He 
98:2 
Ne:He 
70:30 
+1% CH, 4 
6.2.3 The D i g i t i s a t i o n Pulse Output 
Figure 6,3 shows the d i g i t i s a t i o n pulse output for a tube f i l l e d 
w i th type I I gas f o r 3 values of applied f i e l d . The pulse shapes were 
obtained as traces from an oscilloscope photograph. I t can be seen that 
for f i e l d s of 3.1 kV.Cm ^  the d i g i t i s a t i o n pulse i s small, as may be expected 
since the discharge i s almost solely by the Townsend mechanism and hence the 
plasma density i s low, A small second peak occasionally appears after the 
Townsend pulse ; t h i s w i l l be seen to be associated with the appearance of 
FIGURE 6.3 DIGITISATION OUTPUT PULSES FROM THE 
FLASH TUBE FOR VARIOUS APPLIED FIELDS 
c 
> 
TIME 
A : FIELD B-lkV/cm.SCALE O-BV/DIV., 500NS/DIV. 
B 
C 
D 
3.7.. 
4.3 
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I t 
I I 
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2.0 
2.0 
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very weak streamers» As the f i e l d strength i s increased, the second 
pulse increases rapidly i n size, as the production of dense streamers 
rapidly increases the capacitive coupling to the HT electrode. I t 
should be noted that at no time does the streamer pulse occur without 
the p r i o r appearance of the Townsend pulse, as may be expected. The 
time between the two pulses i s not constant for a fixed f i e l d value, 
however, f o r higher f i e l d values the streamer pulse occurs increasingly 
e a r l i e r . 
The d i s t r i b u t i o n of pulse heights obtained for a tube- f i l l e d with 
gas type I I , using a f i e l d of 4.9 kV.Cm ^ , at a rate of 14 events ihin"^, 
i s shown i n Figure. 6,4, I t can be seen that there are two d i s t i n c t groups 
in t o which the pulses f a l l , associated with the two types of discharge 
mechanism. At low f i e l d values some small streamer pulses do occur, as 
can be seen i n 6.3, These w i l l be stored i n the PHA as Tovmsend pulses, 
since only one peak was recorded f o r each pulse, 
6,2.4 Percentage of Discharges Involving Streamer Formation As 
A Function of Applied Field 
The number of discharges which take place by the Townsend mechanism, . 
and the niomber involving streamers may be found from the d i s t r i b u t i o n of 
pulse heights as seen i n Figure 6,4, To obtain the t r a n s i t i o n from discharge: 
solely by Townsend mechanism, to that dominated by the occurrence of streamers-
pulse height d i s t r i b u t i o n s over a range of f i e l d strengths were obtained. 
Figure 6.5 shows the percentage of discharges involving streamers as a 
function of applied f i e l d of both positive and negative p o l a r i t y , for a tube 
f i l l e d with gas type I , at an event rate of 10.8 min I t can be seen 
that f o r a f i e l d strength of 5.1 kV.Cm 50% of the pulses are due to 
streamer breakdown, wh i l s t at the higher f i e l d of 7.0 kV.Cm ^ , the streamer 
mechanism i s seen to completely dominate. Similar relationships were 
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obtained f o r gas types I I and I I I , and the positive and negative f i e l d 
strengths necessary f o r 50% and 100% pr o b a b i l i t y of streamer formation 
are given i n Table 6,2, 
TABLE 6.2 Field For Streamer Transition 
Gas 
Negative Applied Field 
(kV,Cm-l) 
Positive Applied Field 
(kV,Cm-l) 
Composition 50% 
Probability 
100% 
Probability 
50% 
Probability 
. 100% 
Probability 
Ne:He (70:30) 5,1 7.0 5,0 6,0 
Ne:He (98: 2) 5.9 6.9 5,1 6.4 
Ne:He (70:30) 
+1% CH^  4 
4,5 6.0 4.5 5.8 
I t can be seen that there i s no s i g n i f i c a n t difference i n the 
applied f i e l d s required to give streamer breakdown i n the 3 gas types. 
The p r o b a b i l i t y of a streamer occurring, f o r a particular applied f i e l d 
value, i s greater with a positive HT f i e l d , than with a negative one; 
This i s i n agreement with the results of Breare^^^ who found that with 
the high pressure flash ti±)es the induced f i e l d was s i g n i f i c a n t l y less with 
a po s i t i v e HT f i e l d , and consequently streamer formation occurs at a lower 
applied f i e l d . 
An approximate value of the f i e l d strength necessary for the 
formation of streamers may be simply obtained by the theory developed by 
Meek , who proposed that the t r a n s i t i o n from avalanche to streamer takes 
place when the f i e l d i n t e n s i t y due to the positive ion cloud becomes 
comparable to the applied f i e l d . This may be expressed i n the following 
manner. 
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a X 
TT r 
o 
where : = positive ion density 
a = f i r s t Townsend c o e f f i c i e n t 
X = distance of advance of the avalanche o 
r = radius of electron avalanche head, o 
The radius of the avalanche head may be expressed using the 
one dimensional d i f f u s i o n equation 
r = /2Dt 
= /2DX /V (2) o 
where : D = electron d i f f u s i o n c o e f f i c i e n t 
V = electron d r i f t v e l o c i t y 
Assuming the positive ions are uniformly distributed within a 
sphere of radius r ^ , then the e l e c t r i c f i e l d i n t e n s i t y (E^) at the surface 
of the sphere may be calculated using Gauss's law. 
\ = I^^o'vA 2 4Tre r o o 
subs t i t u t i n g f o r N and r i n t o equation (3) gives 
+ o 
e a exp (a X ) 
E = 2_ / (4) 
3 TT e 
o 
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where e i s the charge of the electron. 
Using Meeks c r i t e r i a f o r the t r a n s i t i o n to streamer breakdown, 
E = E^, where E i s the external applied f i e l d , and using the relationship 
a = n E, one obtains 
nEX = In o 
3ir e /2DX /V o_ 
en (5) 
I n deriving t h i s relationship a number of assumptions have been 
made. Owing to space charge effects there exists some uncertainty as 
to the f i e l d experienced by the electrons, and therefore t h e i r d r i f t 
v e l o c i t y , V. However, i t can be seen from equation (5) that nEX i s 
o 
not strongly dependent«cn the value of V, Further, i t i s assumed that 
(9) 
E = E^, as suggested by Meek, however i t was noted by Hopv/ood that the 
electrons at the rear of the advancing electron cloud, ahead of the positive 
space charge, experiences a reduced f i e l d due to space charge effects, and 
therefore E^ = KE where K < 1. However, nEX^ i s seen to vary l i t t l e f o r ' 
values of K between 0,1 and 1.-
-12 -1 -19 Substituting the values = 8,854 x 10 F.M , e = 1.6 x 10 C, 
D = 2 X 10 ^ M^.sec V = lo\.sec ^ i n t o equation (5) one obtains. 
nEX - I n o 
l o ^ v ^ r 
o (6) 
From t h i s relationship the f i e l d i n t e n s i t y required for strea^ner 
formation may be obtained by means of a graphic method. By p l o t t i n g 
equation (6) , f o r given values of pressure (P) and X^ , on a graph of n as 
a function of E/P^^^\ by knowing the value of E/P at the crossing point of 
the two curves, one can obtain the f i e l d i n t e n s i t y for streamer formation. 
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This i s shown i n Figure 6.6 f o r P = 600 t o r r and X = 0,5 cm, 1,0 cm 
o 
and 1,5 cm. The values of E required f o r streamer formation are 
given i n Table 6.3. ' 
TABLE 6,3 ; Calculated Field For Streamer Transition 
X (Cm) 0,5 1.0 1,5 o 
E (kV/Cm) 6,0 4.92 4.26 
Considering the crudeness of the calculation, and that i t was 
carried out for pure neon, the calculated f i e l d values are i n reasonable 
agreement with those obtained experimentally using 1,6 cm internal diameter 
tubes, as given i n Table 6.2. 
6,2,5 The Effect of Rate on the Probability of Streamer Production 
- The Induced F i e l d 
, The discharge that occurs i n a flash tube, as discussed.in• 
section 6,2,1, i s self-quenching, due to the backing-off of the applied 
f i e l d , due to charge deposited on the inner w a l l of the tube. These charges 
are expected to be removed by movement around the walls, enabling opposite 
charges to neutralise. The f i e l d due to these charges has been observed 
to decay according to 
E = E exp (-t/x) o (7) 
where: E = f i e l d at time t = 0 o 
E = f i e l d at time t 
T = decay constant. 
FIGURE 6.6 GRAPHIC METHOD OF ESTIMATING THE BREAK^ 
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The decay constant, T, may be expressed as x = RC, where R 
i s the resistance of the glass surface and C i s the i n t r i n s i c capacitance 
of the tube. 
The magnitude of the induced f i e l d w i l l increase with increasing 
flashing rate, and t h i s w i l l e x h i b i t i t s e l f by a decrease i n the percentage 
of discharges involving streamers, at a par t i c u l a r applied f i e l d . The 
percentage of streamers occurring as a function of event rate, for an 
applied f i e l d of 5.6 kV.Cm ^ , i s shown i n Figure 6. 7, for a t u b e ' f i l l e d , 
with gas Type I . The percentage of discharges involving streamers i s 
seen to f a l l w ith increasing event rate, indicating an increase i n the 
induced f i e l d . Similar variations were observed for tubes f i l l e d with gas 
Types I I and I I I . 
Since the f a l l i n the percentage of streamers i s d i r e c t l y due to 
the presence of the induced f i e l d , an attempt was made to obtain a value 
for the induced f i e l d and i t s decay, by r e l a t i n g the data contained i n 
Figures 6.5 and 6.7. This was achieved by taking the difference (for 
a.particular percentage c f streamer discharges) i n the applied f i e l d at ,, 
a high event-rate (Figure 6 . 7 ) , and the applied f i e l d at a low event rate 
(Figure 6 . 5 ) , where the ef f e c t of the induced f i e l d i s negligible.. . This 
difference i s accounted f o r by the size of the induced f i e l d . 
The decay of the induced f i e l d with time, obtained i n t h i s manner, 
i s given i n Figure 6.8, f o r a tube f i l l e d with gas Type I . Although there 
exists a s l i g h t difference i n the decay rate of the induced f i e l d , for 
negative and positive applied f i e l d s , i t i s i n s i g n i f i c a n t compared with the 
differences obtained by Breare ^'''•'•^  using the high pressure tubes, t h i s may 
be due to the large f i e l d s (= 11 kV.Cm ^) required to operate these tubes. 
The general shape of the decay curve i s i n agreement with that 
(12) 
obtained by more d i r e c t methods . The f i e l d i s seen to i n i t i a l l y decay 
rap i d l y , and then, a f t e r a few seconds, the rate of decay slows.- I t i s 
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suggested that thei;e are two mechanisms responsible for the decay of the 
induced f i e l d . At low f i e l d values (E < 0.2 kV.Cm ^ ) , the dominant 
mechanism i s by conduction of charge around the inner walls,, as described 
by equation (7). At higher f i e l d values where the induced f i e l d decays 
more rapidly a second mechanism, f i r s t observed by F r a n c i s w h e r e b y 
the charges are freed from the walls under the influence of th e i r own 
f i e l d and cross the gas volume, becomes of significance. An estimation 
of the contribution of t h i s second mechanism to the decay of the.induced 
f i e l d and to the spurious behaviour of the tube was made i n the following 
manner. 
A l e a s t squares f i t of equation (7) to the decay curve, for values 
of induced f i e l d l e s s than 0.1 kV.Cm ^ was made. In t h i s region the 
decay i s exponential and due to movement of the charge around the tube wall. 
The e f f e c t observed by Francis i s considered i n s i g n i f i c a n t at these f i e l d 
values, since the tube did not exhibit spuriousness at rates of l e s s than 
1 sec ^ , which indicates the absence of free charge i n the gas. The decay 
of the induced f i e l d associated with the positive applied f i e l d obeyed the 
following r e l a t i o n , 
E = 3.8 exp (-t/1,35) (8) 
(2) 
which, assuming a value of 5 pf for the capacitance of the tube, gives 
12 
a value of 0,3 x 10 Q. for the resistance of the inner wall of the flash 
tube. 
Above f i e l d values of 0.1 kV,Cm , the f i e l d decays more rapidly 
due to the freeing of charge from the wall into the gas volume. Assuming 
an electron d r i f t v e l o c i t y of 5 x 10^ Cm. Sec charge w i l l cross the 
tiobe i n 0,3 ps, for these f i e l d and pressure values. The difference 
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between the decay rate given by equation (8) , and the decay rate observed 
at high f i e l d values (E^ in Figure 6.8) gives a measure of the contribution 
of the removal of charge from the walls to the decay of the induced f i e l d . 
These differences are plotted i n Figure 6.9. I t can be seen 
that the decay of the induced f i e l d due to t h i s effect follows an exponential 
relationship given by 
= A exp (-Xt) (9) 
since E^ i s due to the charges residing cn the tube walls, equation (9) 
can be rewritten as, 
E = , = A exp (-Xt) 
^ 4Tre d^ o 
where: n = n\imber of charges residing on the wall, 
d = diameter of the tube. 
.'Therefore the rate o£ loss of charge from the w a l l ' i s given'by. 
2 
4Tre d 
^ = — AXexp (-Xt) (10) 
at e 
This r e l a t i o n i s p a r t i c u l a r l y s i g n i f i c a n t since i t allows an 
estimate to be made of the rate of in j e c t i o n of free charge into the gas:-
volume, and hence the onset of spurious flashing. 
Values of X and A were obtained by means of a le a s t squares f i t 
of equation (9), to the points i n Figure 6.9, and assuming a value of 0,3 
(2) 
for the probability of a single electron to i n i t i a t e a discharge , then 
the probability of 50%.spurious flashing occurs at time values of 3,5 sec. 
This i s equivalent to a rate of approximately 0.3 events,sec ^, which iii 
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somewhat lower than the value of > 1.0 events.sec ^ at which the tubes 
were observed to become spurious. However, considering the approximate 
manner i n which the rate of emission of charge was arrived at, and the 
neglect of such e f f e c t s as charge recombination i n the gas, the agreement 
i s quite good. 
I t has been suggested that back sparking may also be the cause 
(2) 
of the rapid i n i t i a l decay of the induced f i e l d , however, although t h i s 
has been seen to occur, such a violent exchange of, charge across the tvibe. 
would probably r e s u l t i n a discontinuity i n the decay curve. 
6.2.6 Townsend and Streamer Pulse Height as a Function of Applied 
F i e l d and Event Rate 
Due to the capacitive coupling of the d i g i t i s a t i o n probe to the 
HT electrode the d i g i t i s a t i o n pulse height i s expected to be sensitive to 
changes i n the e f f e c t i v e applied f i e l d across the tube. The mean Townsend 
and streamer pulse heights were obtained for slow event rates from the 
di s t r i b u t i o n of pulse heights, as seen i n Figure 6,4. The variation of 
Townsend and streamer pulse height with applied f i e l d i s given i n Figure 6.10, 
for a tube f i l l e d with gas type I , Very l i t t l e difference' in behaviour of 
the pulse height, with the 3 gas types was observed. The difference i n 
pulse height obtained using positive and negative applied f i e l d s was also 
i n s i g n i f i c a n t , unlike the r e s u l t s obtained by Breare^^^, who found that the 
pulse heights were considerably higher using a positive applied f i e l d . 
The v a r i a t i o n of the Townsend pulse height with applied f i e l d i s much l e s s 
than that observed wj.th the streamer. This i s to be expected since there 
i s an upper l i m i t to the charge density (defined by the Reather c r i t e r i a ) , 
beyond which the Townsend avalanche transforms into a streamer. 
The mean Tovmsend and streamer pulse heights, as a function of 
flashing rate, i s given i n Figure 6,11, for a tube f i l l e d with gas type I . 
After an i n i t i a l decrease i n pulse height, up to an event rate of 
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approximately 2 sec ^ , the mean pulse height of both the Townsend and 
the streamer discharge i s seen to remain almost constant. A similar 
behaviour was observed with the other gas f i l l i n g s and the difference 
r e s u l t i n g from using positive and negative applied f i e l d s was found to 
be i n s i g n i f i c a n t . 
6,3 EFFECT OF INDUCED FIELDS UPON THE PERFORMANCE OF THE FLASH TUBE 
Two types of induced f i e l d are expected to occur in the flas h 
tube, one due to charge deposited on the inner wall of the flas h tube, 
and the other due to charge induced upon the outer wall of the tube. 
These f i e l d s were studied with respect to the resistance of the outer 
surface and the shape of the applied HT pulse, by observing the sensitive 
time of the tube i n the manner described below, 
6.3,1 Influence of the Induced F i e l d upon the Sensitive Time 
A convenient method of studying the ef f e c t of induced f i e l d s upon 
the performance of a f l a s h tube i s to observe i t s sensitive time under 
various operating conditions. The sen s i t i v e time i s defined as that period 
of time between the passage of an ionising p a r t i c l e through tlie tube, and 
the application of the HT pulse, necessary for the internal efficiency of 
the tube to f a l l to 50%. An a n a l y t i c a l solution to the sensitive time of 
(14) 
the f l a s h tube was f i r s t performed by Lloyd , who considered diffusion • 
to the tube walls and recon±»ination as the sole means of loss of the primary 
io n i s a t i o n , and obtained a value of approximately 100 ys for the sensitive 
time, 
For low event rates t h i s figure i s i n agreement with experiment, 
however, as the event rate i s increased, l o s s of the primary ionisation to 
the tube walls, by d r i f t i n g under the influence of the internal f i e l d s occurs, 
and the se n s i t i v e time rapidly decreases. 
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Holroyd^^^^ has performed Monte Carlo.simulations to estimate 
. the e f f e c t of different d r i f t v e l o c i t i e s (and therefore internal f i e l d s ) 
upon the sen s i t i v e time of a f l a s h tube. The re s u l t s obtained i n neon at 
760 t o r r , for various d r i f t v e l o c i t i e s opposing the applied f i e l d , are 
given i n Figure 6.12. V e l o c i t i e s above 10 Cm.sec ^ (corresponding to 
f i e l d s of l e s s than 10 V.cm ^ ^ ^ ^ ) , have a considerable effect upon 
the s e n s i t i v e time of the tiabe, and use can be made of t h i s to provide an 
indi c a t i o n of the magnitude of the,internal f i e l d s . 
6.3.2 Experimental Arrangement 
The t e s t s were conducted using tubes of S95 soda glass, 16 mm 
in t e r n a l diameter, with 1 mm thick walls, approximately 500 mm long, f i l l e d 
with commercial grade neon at 600 to r r pressure. Individual tubes were 
i n i t i a l l y sleeved i n thin black polythene, to prevent cross ignitions by 
photons. The tubes were arranged i n four layers, each layer containing 
s i x tubes. Cosmic rays were used as a source of ionising p a r t i c l e s , 
triggering being provided by means of a s c i n t i l l a t o r telescope, giving-an 
event rate of approximately 9 min ^ . The tubes were f i r e d by means of a 
high voltage pulse, of 60 ns r i s e time, formed by discharging a .condenser. 
through a' 3mH inductance and a series r e s i s t o r . Two. types of HT pulse 
were used for the investigations, and are shown i n Figure 6.13. .... 
Figure 6.13 (a) shows a non-oscillatory pulse obtained by use of a large 
s e r i e s damping r e s i s t o r ; the o s c i l l a t i n g pulse shown i n Figure 6.13 (b) 
was obtained by removing the r e s i s t o r . A f i e l d strength of approximately 
5.0 kV.Cm""^  was necessary to ensure e f f i c i e n t operation of the tubes. 
The layer e f f i c i e n c y of the assembly of tubes was obtained by 
recording the number of txibes i g n i t i n g along the cosmic ray track.. Since 
the tubes i n each layer were i n physical contact, the layer e f f i c i e n c y was 
related to the inte r n a l e f f i c i e n c y by the rati o of the internal and external 
tube diameters. 
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. 6,3,3 E f f e c t of the Outer Surface Resistance Upon the Induced 
F i e l d 
The e f f i c i e n c y of the f l a s h tube array was measured for two 
d i f f e r e n t values of outer surface resistance which occurred :-
(1) Immediately aft e r manufacture, when the effect of surface 
contamination i s expected to r e s u l t i n a low surface resistance, 
(2) After the tubes had been cleaned and heated (to drive off water 
vapour) and painted with white cellulose paint, and therefore, exhibited 
a high surface resistance. 
The resultant variation of layer e f f i c i e n c y with time delay for 
the two surface conditions, using the non-oscillatory HT pulse i s given 
i n Figure 6.14 for an event rate of 9 events min ^. The resultant sensitive 
times of 11,0 ys and 2.5 ps obtained before and after cleaning and painting 
the ti±)es respectively, indicate that the conditions of the outer surface 
of the f l a s h tube has a considerable influence upon the effect of the 
induced f i e l d appearing across the gas of the tube. 
I t i s assumed that the conductivity of the outer surface of the 
f l a s h tiobe influences the a v a i l a b i l i t y of free charge on the outer surface 
of the tube. This charge induced on the outer surface of the tube r e s u l t s 
i n a f i e l d i n opposition to that due to the charge adhering to the inner 
surface of the tube, r e s u l t i n g i n a reduction of the clearing f i e l d appearing 
across the gas volume. The resistance of the outer surface was determined 
by attaching aluminium f o i l to each end of the f l a s h tube, which was then 
connected i n s e r i e s with a capacitor and a 2 kV power supply. By observing 
the rate of charging of the capacitor a ralue of the time constant was 
13 14 
obtained and hence the resistance. Values of 10 and 10 fi were obtained 
before and after painting. 
An estimate of the magnitude of the f i e l d r e s ulting from the charge 
residing on the outer surface was obtained i n the following manner. The 
O UNPAINTED TUBE 
@ PAINTED TUBE 
8 12 16 20 
TIME DELAY ( p s ) 
Ik 28 32 
IGURE 6-14 LAYER EFFICIENCY AS A FUNCTION OF TIME DELAY 
FOR PAINTED AND UNPAINTED TUBES 
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f i e l d ( E ) , appearing across the gas volume may be expressed as. 
E = E. - E i X 
where: E^ = f i e l d due to i n t e r n a l charge 
E = f i e l d due to external charge 
X 
From Holroyds Monte Carlo data,given i n Figure 6,11, a graph of • 
s e n s i t i v e time as a function of d r i f t velocity may be obtained, Frora 
t h i s graph, d r i f t v e l o c i t i e s of 1.3 x 10^:.cm.sec ^ and 2^9 x lO^ cm.sec ^ 
are associated with s e n s i t i v e times of 11,0 ys and 2.5 ys respectively. 
Using the data of Pack and Phelps^"^^ for electron d r i f t v e l o c i t i e s in neon, 
t h i s i s equivalent to f i e l d s (E) of 2 V.cm and 30 V,cm. Since the f i e l d 
(E) , i s small compared with the applied f i e l d and the two sensitive times 
were obtained at the same flashing rates, i t i s expected that the f i e l d due 
to the i n t e r n a l charge ( E ^ ) , should be the same i n both cases, and hetice 
one Ccin write , . • 
2 + E = 30 + E 
^1 ^2 
where E and E are the f i e l d s due to external charge on the high and low 
^1 ^2 
resistance outer surfaces respectively. Thus a change i n outer surface 
resistance from lO'''"^  to lO"'"'^  n , produces a 28 V.cm change i n the 
external f i e l d and a resultant change in sensitive time of 11.0 ys to 2.5 ys. 
The v a r i a t i o n of s e n s i t i v e time v;ith flashing rate i s given in 
Figure 6.15, for unpainted and painted tubes with surface resistances of 
12 13 10 n cind 2 X 10 n respectively. The sensitive time of both sets of 
tvibes f a l l r j with increasing rate, although the f a l l i s l e s s rapid for the 
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tubes with the lower surface resistance, indicating a greater a v a i l a b i l i t y 
of free charge on i t s outer surface. 
6,3.4 Dependence of the Induced F i e l d Upon the HT Pulse Length 
I t i s to be expected that the amount of charge deposited on the 
walls of the f l a s h tube w i l l depend upon the length of the HT pulse. With 
electron d r i f t v e l o c i t i e s of approximately 5 x 10^ cm,sec ^ for the 
t y p i c a l f i e l d and gas pressure of the neon tubes, the electrons are 
expected to be swept to the walls i n approximately 300 ns, which i s in 
(2) 
agreement with the observed duration of the discharge of about 150 ns 
4 -1(4) 
However, the positive ions, with a d r i f t velocity of 5 x 10 cm,sec , 
remain almost stationary i n t h i s tim.e, and HT pulse lengths of approximately 
30 \is are required to remove these ions from the gas volume. For pulse 
lengths shorter than t h i s the frac t i o n of the ions not adhering to the wall 
w i l l d r i f t back,recombine and neutralise an equivalent number of electrons 
on the opposing w a l l , r e s u l t i n g i n a reduction of the induced f i e l d . 
The rate of increase i n the number of positive charges residing 
on the tube wall (dn/dt) may be expressed i n the following way 
dn „ n 
dt = ° - X 
where: D = rate of deposition of charge on the wall 
X = decay constant of charges moving around the wall. 
I f the tube i s considered to contain a uniform distribution of positive 
ions within i t s volume (the electrons having been swept from the gas), then 
since the positive ion d r i f t v e l o c i t y i s proportional to the e l e c t r i c f i e l d 
i t experiences, 
- 102 -
D = KV 
where: V - f i e l d 
K = a constant 
and therefore. 
I f , for t h i s simple treatment, one ignores the effect of space 
charge, then the f i e l d across the gas (V) i s equal to the applied f i e l d 
minus the f i e l d due to charges on the wall, i , e : 
V = V exp (-t/x) - c n o 
where: V = i n i t i a l value of applied f i e l d at t = 0 o 
T = decay constant of the applied f i e l d 
n = number of charges residing on the tube wall 
q = a constant. 
and therefore, 
dn = K (V exp(-t/T) - cn) -J 
— • + n (cK + ^^A) = KV exp(-t/T) dt o 
Therefore, the number of charges (n), residing on the tube wall 
af t e r a time t , i s given by, 
KV "^o exp (-t/T) (1 - exp (-At) ) n = — 
where A = cK + ^^X - ^^x 
_ 103 
I t can be seen that the amount of charge deposited on the tube 
walls i s exponentially dependent upon the pulse length. A more rigorous 
treatment would include the time dependence of the components of A, since 
K, C and X w i l l a l l depend upon the f i e l d strength, which varies with time. 
To investigate the dependence of the induced f i e l d upon pulse 
length the non-oscillatory pulse was used, and the variation of the . 
ef f i c i e n c y with time delay of the HT pulse, f o r various pulse lengths (base 
width) was recorded, and i s shown i n Figure 6 . 1 6 . I t i s clear from the 
behaviour of the sensitive time that the in t e r n a l f i e l d increases with HT 
pulse length. The dependence of the sensitive time upon pulse length i s 
given i n Figure 6 = 1 7 , and i s seen to increase exponentially with increasing 
pulse length, as predicted by the above relationship. Beyond a pulse 
length of 10 ys, no further decrease i n sensitive time was obseirved, 
in d i c a t i n g that a l l the positive ions had been swept from the gas volume ; 
t h i s i s i n reasonable agreement with the crude estimate of 30 ps, obtained 
from the d r i f t v e l o c i t y , 
, Although the use of a short HT pulse reduced the effect,of the 
induced f i e l d , i t was also noted that the l i g h t i n t e n s i t y of the discharge 
decreased with decreasing pulse length, indicating a corresponding decrease 
i n the plasma density, which may have a s i g n i f i c a n t e f f e c t on the d i g i t i s a -
t i o n pulse height. 
6 . 3 , 5 Effect of an O s c i l l a t i n g HT Pulse on the Induced Field 
The use of an oscillatingpulse i s expected to decrease the internal 
f i e l d , since the charge w i l l o s c i l l a t e about a mean position, instead of 
being swept i n one d i r e c t i o n , thus reducing the pro b a b i l i t y of c o l l i s i o n 
w ith the tube w a l l . As the frequency increases so the amplitude of the 
o s c i l l a t i o n w i l l decrease, reducing further the amount of charge available 
to the w a l l . Furthermore, charges of both signs w i l l be deposited on the 
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same w a l l , r e s u l t i n g i n a further reduction of the in t e r n a l f i e l d . 
To investigate the ef f e c t of an o s c i l l a t i n g HT pulse upon the 
sensitive time the r e s i s t i v e load was removed from the LCR pulse forming 
c i r c u i t , r e s u l t i n g i n an o s c i l l a t i n g pulse, as shown i n Figure 13 (b). 
The behaviour of the layer efficiency as a function of delay, for a number 
of d i f f e r e n t frequency pulses, i s shown i n Figure 6 . 1 8 ; the sensitive time 
i s seen to increase with increasing frequency indicating that less charge 
i s swept to the tube walls. The dependence of sensitive time upon pulse 
frequency i s shown i n Figure 6 . 1 9 , i t can be seen that the rate of increase 
of sensitive time f a l l s above a pulse frequency of 80 k Hz. I t may be 
necessary to apply pulses of frequency greater than 1 M Hz to ensure minimal 
(2) 
charge depositiono Holroyd found that using pulses of 2 M Hz, the 
eff i c i e n c y time delay curves were i n good agreement with the theoretical 
predictions of L l o y d w h i c h indicates a very small internal f i e l d . 
6 . 4 DISCUSSION 
I t has been seen that the discharge mechanisms occurring i n a flash 
tube may be studied by observing the d i g i t i s a t i o n output pulse. The 
coupling of the d i g i t i s a t i o n probe to the HT electrode i s sensitive to the 
plasma conditions inside the discharging tube, and two plasma states are 
evident, since the d i s t r i b u t i o n of d i g i t i s a t i o n pulse heights f a l l into two 
d i s t i n c t categories. The behaviour of these two groups,runder changing 
applied f i e l d conditions, indicates that they are associated with the 
Townsend and streamer discharge mechanisms. This view i s further supported 
by the observation that the f i e l d strength required for t r a n s i t i o n from 
predominantly Townsend discharge to predominantly streamer, measured using 
t h i s technique, i s i n agreement with simple theoretical calculations. 
This technique for studying the flash tube discharge mechcinism 
may be improved upon, p r i n c i p a l l y by more sophisticated processing of the 
raw output pulse, since the present method cannot distinguish between 
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Townsend and streamer pulses of approximately the same magnitude, which 
occur at low applied f i e l d values. With refinement the technique may 
represent a useful t o o l i n the study of gas discharges themselves. 
A study of the percentage of discharges occurring by Townsend or 
streamer mechanism, f o r varying f i e l d strengths, using the above technique, 
has allowed the decay of the i n t e r n a l f i e l d t o be measured. Two decay 
constants are apparent ; at long time values the f i e l d decays by movement 
of charge around the inner w a l l , the value of the decay constant depending 
on the inner surface resistance and the i n t r i n s i c capacitance of the. tube. 
For shorter time values and hence larger f i e l d s , a second mechanism becomes 
dominant, whereby charges are removed from the walls of the tube in t o the 
gas. The f i e l d values at which t h i s e f f e c t becomes of significance i s seen 
to be > 0.2 kV.cm ^, which i s i n agreement with the observations of e a r l i e r 
(13) ^ 
workers • The rate of i n j e c t i o n of free charge i n t o the gas, as a function 
of field,has been obtained and i s i n reasonable agreement with the time 
period associated with the onset of spurious flashing, which supports the 
idea that the emission of charge from the walls i s the main source of 
spurious flashing as the event rate i s increased. 
The resistance of the outer surface of the flash tube i s seen to 
have considerable influence upon the magnitude of the induced f i e l d 
occurring across the gas volume. The induced f i e l d i s reduced for low 
values of outer surface resistance, which suggests that i t i s the availab-
i l i t y of charge to the outer surface, which results i n a f i e l d i n opposition 
to that due to the charges adhering to the inner walls, resulting i n a 
lower induced f i e l d across the gas. This may resu l t i n raising the 
threshold .at which spurious flashing occxirs, and i s the most l i k e l y 
explanation of the differences observed i n the performance of the present 
tubes and those of e a r l i e r workers. 
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The quantity of charge deposited on the inner wall of the tube 
may be considerably reduced by the use of a shorter HT pulse or cin 
o s c i l l a t i n g pulse. The former may present problems due to the weakness 
of the discharge e f f e c t i n g the d i g i t i s a t i o n pulse height. The use of a 
well defined square pulse from a Blumlein l i n e w i l l remove the long t a i l 
associated with the RC formed pulse, which i s responsible for a large 
proportion of the charge swept to the w a l l , and possibly at the same time 
maintain an intense discharge. An o s c i l l a t i n g pulse of frequency greater' 
than 1 MHz w i l l ensure almost complete removal of the in t e r n a l f i e l d effects, 
however d i f f i c u l t y may be encountered i n applying such a high frequency 
pulse to large capacitive systems, also the e l e c t r i c a l noise may present 
problems. 
I t i s clear that the problems of operating flash tubes at high 
rates stem d i r e c t l y from the presence of charges deposited on the inner 
wa l l of the tube. Attention t o the above d e t a i l s , plus the use of low 
resistance materials (such as JENA 16 B glass) i n the construction of the 
tubes, w i l l enable them to be operated at higher event rates than at 
present, without the problems of ine f f i c i e n c y or spuriousnsss. 
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CHAPTER SEVEN 
CONCLUSIONS AND SUGGESTED FUTURE WORK 
7 . 1 CONCLUSIONS 
I t has been shown t h a t a c a l o r i m e t e r o f the sampled shower 
type, u s i n g p l a n e s o f f l a s h tubes as the sampling elements can be 
s u c c e s s f u l l y operated i n an a c c e l e r a t o r type environment. The simple, 
e l e m e n t a l nature o f the d e t e c t o r a l l o w s l a r g e s e n s i t i v e volumes to be 
obtained, i n e x p e n s i v e l y , i n keeping w i t h the a n t i c i p a t e d requirements 
of the c u r r e n t t r e n d o f a c c e l e r a t o r based HEP experiments. Furthermore, 
the simple method o f o u t p u t t i n g information, by means of d i g i t i s a t i o n 
probes, has been shown to be h i g h l y compatible w i t h CAMAC data a c q u i s i t i o n / 
c o n t r o l systems. 
The d e t e c t o r s performance was e v a l u a t e d u s i n g a mono-energetic 
p o s i t r o n beam over the energy range 0 . 5 to 4 . 0 GeV. The number of tubes 
i g n i t i n g i n a shower may be used as a measure of the primary energy, a l s o 
the t r a j e c t o r y o f the primary- may be determined by means of a v/eighted f i t 
to the c e n t r o i d s o f the groups o f ti±)es i g n i t i n g i n each l a y e r . I n order 
to r e s o l v e the maximum number of i n d i v i d u a l p a r t i c l e s i n the dense showers, 
the d e t e c t o r employed s m a l l diameter .(8 min i n t e r n a l diameter) , high pressure 
( 2 . 2 atmospheres) f l a s h tubes. With t h i s d e t e c t o r an energy r e s o l u t i o n 
o f approximately 40 % and s p a t i a l and anguJ.ar r e s o l u t i o n s o f +^  5 mm and 4 ° 
(FWEM)respectively,were achieved, which compares favourably w i t h more 
complex and expensive d e v i c e s . 
The performance o f the d e t e c t o r was i n f l u e n c e d a t high e n e r g i e s 
by the i n a b i l i t y o f the tubes to r e s o l v e i n d i v i d u a l p a r t i c l e s i n the dense 
showers, and by shower leakage from the r e a r and s i d e s o f the d e t e c t o r . 
These problems may be reduced, o r e l i m i n a t e d , by improvements i n the 
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detector design. The sensitive time, (approximately 2 ys) , of the 
tubes, ensured successful operation i n the backgrounds experienced 
i n the experimental area, no spurious flashing being observed. A 
more serious problem arose when attempts were made to operate the detector 
at high event rates. The recovery time of the tubes, (approximately 
0.6 ms) , should i n theory allow event rates of up to 1 KHz, however at 
rates i n excess of 1 per second, the tvibes were observed to become 
i n e f f i c i e n t or to flash spuriously. This behaviour i s a direc t result 
of i n t e r n a l f i e l d s , associated with the charges from the discharge 
adliering to the inner wall of the tube. Attempts to reduce the amount'-'^  
of char'ge deposited on the walls, by the use of alternate p o l a r i t y and 
o s c i l l a t i n g HT pulses were unsuccessful, due p r i n c i p a l l y to the narrow 
HT plateau over which the tubes can be operated. 
I n order t o demonstrate that useful resolutions may be obtained • 
at the high event rates demanded by ty p i c a l accelerator based experiments, 
a further detector was b u i l t using large diameter (16 mm internal diameter) 
low pressure (600 t o r r ) f l a s h tubes, which had been shown to operate at • • 
rates of at least 50 Hz, with no detectable deterioration i n efficiency. 
I n order to improve the poor m u l t i p a r t i c l e efficiency of the detecting . 
planes, (due t o the r e l a t i v e l y large tube diameter),two staggered layers 
of tubes were employed i n each sampling plane. A system of d r i f t chambers 
was also incorporated t o obtain an improved estimate of the spatial 
resolution of the detector. An energy resolution of 33% and spatial and 
angular resolutions of 10.5 mm and 2° (FWHM)., were obtained, which compares 
well w i t h those of the e a r l i e r detector. Unexpectedly, the tubes behaved 
i n a similar manner to the high pressure tubes, at event rates i n excess. 
of a few per second. 
Investigations were, therefore made int o the discharge mechanisms 
and the formation of the i n t e r n a l f i e l d . These investigations were 
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c a r r i e d out by observation of the d i g i t i s a t i o n pulse, a method which 
may prove of use to other investigators of gas discharge phenomena. 
The r e s u l t s showed that the quantity of charge deposited on the inner 
wall can be considerably reduced by use of a shorter HT pulse, and 
possibly removed completely by means of a high frequency (> 1 MHz) 
o s c i l l a t o r y pulse. Furthermore, the resistance of the outer surface 
of the f l a s h tube has been shown to have considerable influence on the 
strength of the i n t e r n a l f i e l d , due to the a b i l i t y of charge to accumulate 
on the outer surface, resiiLting i n a f i e l d i n opposition to that.resulting 
from charge deposited on the innar surface. This i s the.most probable, 
explanation of the f a i l u r e of the present low pressure tubes to operate 
at a high event rate, since t h e i r painted surface offered a high resistance 
to charge movement. 
The source of free charge to the gas f i l l i n g , v/hich r e s u l t s . i n 
spurious flashing, has been shown to be due to a mechanism, whereby charges 
are li b e r a t e d from the wall into the gas volume under the influence of 
t h e i r own f i e l d . The i n t e r n a l f i e l d threshold for t h i s effect i s . . . 
approximately, 0.2 kV.cm ^, beyond which spurious flashing w i l l occur upon 
the application of the HT pulse. 
Although the present event rates are s u f f i c i e n t to s a t i s f y a 
number of machine based experiments (see below), i t i s essential that i f 
the useful properties of the f l a s h tube shower detector are to become 
available to a wide range of experime.nts, methods of reducing the deposited 
charge, and speeding i t s decay,must be foimd, allowing the detector to 
operate at high event rates. 
7.2 SUGGESTIONS FOR FUTURE WORK 
In spite of the present rate r e s t r i c t i o n s , large volume detectors, 
employing f l a s h tubes are being proposed and constructed for experiments 
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( p r i n c i p a l l y hadron shower detectors for neutrino investigations) i n 
a number of laboratories ^ ^ ' " ^ ' ' ^ T h e s e detectors primarily 
employ p l a s t i c flash chambers consisting of honeycomb extrusions, mainly 
of polypropylene. These chambers are considerably simpler to construct 
than the t r a d i t i o n a l glass flash tubes, and allow a wide range of geometries 
to be simply obtained. They do, however, have one drawback, i n as much as 
the outgassing of the p l a s t i c material requires a constant gas flow through 
the detector to prevent poisoning by electronegative impurities. For 
large volume detectors t h i s may prove expensive ( i n the case of venting) 
or complicated and unreliable ( i n the case of recycling). Although the 
lower resistance of the p l a s t i c removes the problems associated with clear-
ing f i e l d s , at the event rates so far obtained (< 10 per sec), the eventual 
rate l i m i t i s determined by the recovery time of these tubes, which at 
present stands at approximately 70 ms^ ^^ * 
Consideration i s also being given to i n s t a l l i n g flash tubes around 
(7 8) 
the inner walls of hydrogen bubble chambers ' . The flash tube i s ideal 
f o r t h i s application since because of i t s simple construction and operation, 
i t requires a minimal amount of attention, and hence avoids expensive shut 
down of the bubble chamber- Furthermore, since the s p i l l time through 
the bubble chamber i s accurately kno™, the flash tubes may be made 
permanently sensitive, by application of a HT pulse of the same duration 
as the s p i l l , allowing event reconstruction i n time, as well as space. 
I f such a system i s to be expected to operate at the rate of the present 
rapid cycling bubble chambers, considerable research must be made in t o the 
decay of the i n t e r n a l fields,which w i l l be very slow at l i q u i d hydrogen 
temperature. 
In the l i g h t of these developments and future trends, i t i s 
suggested that further work should focus around the following three main 
areas. 
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A) A more complete understanding of the factors a f f e c t i n g 
the formation and decay of the i n t e r n a l f i e l d s , also information concern-
ing the surface phenomena which sets the lower threshold for removal of 
charge from the surface of the tube, since t h i s determines the onset of 
spurious flashing. A search for an "ideal" material from which to . 
construct flash tubes. This material should have a low resistance 
7 
(approximately 10 ^), and be easily workable , (. i . e . extrudable p l a s t i c ) , 
and machinable, yet show l i t t l e tendency to outgas, allowing the use of 
a sealed system. I t i s unlikely that a material satisfying a l l these 
c r i t e r i a and remaining inexpensive, w i l l be found. 
B) A Monte Carlo simulation of electromagnetic/lepton and hadron 
induced showers i n the inhomogeneous absorber of the detector would allow 
the design parameters to be optimised f o r p a r t i c u l a r applications. Such 
factors as sampling frequency.diameter of tubes or degree of shower contain-
ment f o r maximum energy or spatial resolution w i l l vary according to the 
demands of the experiment. The present experimental results; and those of 
other workers, are i n s u f f i c i e n t to predict the dependence of the performance 
upon these parameters. The problem lends i t s e l f i d e a l l y to the Monte Carlo 
technique, and i n the l i g h t of the anticipated wide application of flash 
ttjbes, such a study w i l l be very valuable. 
C) A wide range of readout i s available to the flash tiabe, apart 
from the d i g i t i s a t i o n probes used i n the present experiment, normal 
photographic techniques, or iconoscopic systems, based on the vidicon tube 
may be used. Further the o p t i c a l problems of viewing a large array may 
be overcome by the use of o p t i c a l f i b r e s , up to several metres long, to 
locate the l i g h t signals to a small area where they can be more conveniently 
recorded. The use of d i g i t i s a t i o n probes i n conjunction with a magneto-
s t r i c t i v e wand (of the type commonly used i n spark chambers), may enable a 
whole plane of tubes to be read out quite simply. 
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As the size of detectors increase, so the cost of the readout 
w i l l become a dominant factor i n the overall cost of the detector, and 
consideration should be given to the type of.readout most suitable f o r 
a p a r t i c u l a r application. For example, for a detector whose sole 
requirement i s measurement of energy, i t may simply be s u f f i c i e n t t o 
sum the t o t a l l i g h t output, using a photomultiplier tube and optical. . : 
fibr e s t o obtain a s u f f i c i e n t l y accurate estimate of the energy, especially 
i f the detector forms part of a t r i g g e r , requiring a rapid determination 
of an upper or lower energy threshold. Alternatively, i f the centroids . 
of shower samples are required, a d i g i t a l method, possibly employing magneto-
s t r i c t i v e wands may o f f e r the best solution. Further, t h i s d i g i t a l 
(9) 
information i s ideal f o r handling by hard-wired processors , whereby 
tr i g g e r decisions ( i . e . to f i r e a bubble chamber) can be rapidly made, or 
data compressed fo r maximum tape u t i l i s a t i o n . The use of such processors 
with d i g i t i s e d flash ti±)es has already successfully demonstrated the 
po t e n t i a l of such a technique. Should the flash tubes be operated i n the 
continually sensitive mode, then timing information w i l l be required to 
record the exact moment of passage of the p a r t i c l e through the tube. A 
j i t t e r i n the formation time of the discharge i s to be expected, and t h i s 
w i l l be further accentuated by the response of the particular readout system. 
An investigation i n t o the timing j i t t e r associated with the o p t i c a l and 
e l e c t r i c a l probe methods should be made to determine the system best suited 
to timing requirements. 
In conclusion, i t can be said that the flash tube, which was the 
forerunner of many of the gaseous discharge chambers i n present use, after 
many years of neglect, i s l i k e l y to become an invaluable addition to the 
tools of the future accelerator based physicist. However, many problems 
remain to be solved before i t s general use throughout the high energy 
physics community. 
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APPENDIX I 
RELATIONSHIP BETWEEN THE NUMBER OF PARTICLES INCIDENT 
UPON A LAYER OF FLASH. TUBES AND THE NUMBER OF TUBES 
OBSERVED TO FLASH 
One of the major problems associated with the use of flash 
tubes as elements of a shower detector i s the i n a b i l i t y to distinguish 
between one, or more than one, ionising p a r t i c l e passing through the 
sensitive volume of the tube. Therefore when the density of pa r t i c l e s 
(assumed uniform) increases beyond a certain value,the number of flashed 
tubes no longer equals the nimber of ionising p a r t i c l e s crossing the 
layer. A relationship between the nimber of incident p a r t i c l e s and 
the observed nimber of tube i g n i t i o n s can be obtained i n the following . 
manner. 
Suppose a uniform f l u x of K pa r t i c l e s i s incident normally 
upon a layer of Mo flash ti±ies, as shown i n Figure Al.a, i f a l l tubes 
are i n contact the l i k e l i h o o d of a pa r t i c u l a r tube being h i t , for one 
p a r t i c l e incident on a layer of M^  tubes, i s given by 
Prob. h i t = •'"'^M 
o 
the p r o b a b i l i t y of t h i s tube flashing i s given by 
Prob. flashing = n. ^^^^ 
where n i s the layer e f f i c i e n c y of the tubes. 
The p r o b a b i l i t y of the tiibe not flashing i s given by 
Prob. not flashing = 1 - '^'^M^  
(a) K PARTICLES 
V V V V 
o © ® © - - - ® 
-s»j D *-
LAYER EFFIENCY=ri 
MEAN NUMBER OF TUBE IGNITIONS = M 
(b) 
M=M„[l-(1-n/Mo)'^] 
K PARTICLES 
\^  V V V 
D/2 
D/2 
M=2Mjl-{1-n/M,*V«)'^] 
FIGURE A M MEAN NUMBER OF TUBE IGNITIONS (M) FOR 
. K PARTICLES INCIDENT ON M, TUBES 
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Therefore f o r K pa r t i c l e s incident upon the layer, the 
p r o b a b i l i t y of a p a r t i c u l a r tube not flashing w i l l be given by' 
Prob. not flashing (K particles) = (1 - ^  M ) 
o 
The p r o b a b i l i t y of the tvibe flashing i s therefore given by 
, K 
Prob. flashing (K particles) = 1 - (1 - '^'^M^) 
and the mean number of tubes flashing i n a layer containing tubes 
i s given by 
M = M o 
A similar approach may be used to predict the mean number of 
tiobes flashing i n a system of two staggered layers. I f the two layers 
are displaced by h a l f a tube width, as shown i n Figure Al.b, then the 
l i k e l i h o o d of a p a r t i c u l a r tube.being struck for a single p a r t i c l e 
incident upon the-layer i s given by 
Prob. h i t =, ^^(K + h) > o ' 
Following the previous reasoning, the mean number of tiabes 
flashing i n a layer of M tubes, M + *5 wide, with a uniform f l u x of K 
o o 
p a r t i c l e s incident normally upon the layer i s given by 
M = M 
o 
and the mean number i g n i t i n g i n two independent layers i s given by 
M = 2 M t o t o 
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The relationship between K and M for 1 layer and 2 staggered 
layers of t i i i e s , f o r M = 16 and n = 0.8 i s shown i n Figure AI.2. 
o . 
I t can be seen that the use of two layers results i n an over-estimate 
of M up to K = 20, a f t e r which the value of M f a l l s below that of K. 
The significance of the width of the flash tiabes may be seen from 
Figure AI.3, which shows M as a function of K f o r 5 values of M . As 
o M increases, which i s equivalent to decreasing the width of the flash o 
tube, the curve approaches the linear relationship between M and K, for" 
n = 0.8, assuming an i n f i n i t e l y narrow sensitive volume for the flash tube. 
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